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INTRODUCTION
An important process in the manufacture of paper on the commercial
paper machine is the dewatering of the wet paper web in the press section.
The wet web supported by a woven wool felt passes through the nip of the
press rolls where water is caused to flow from the wet sheet into the
felt and from the felt into the surrounding atmosphere. Before the com-
plicated mechanism of water removal in the nip of the press rolls can be
completely understood, the nature of the resistance presented.by the
woven wool felt to the flow of water through it must be considered.
The complex yarn and fiber orientation of the woven felt exclude
it from the classes of porous media for which flow relationships have
been established. The effect of such structural felt properties as
weave, napping,and the numberard size of the yarns per inch is not
well understood. Commercial felt design has been largely a trial and
error procedure aimed at finding the best combination of the above
factors for a particular paper machine.
Flow normal to the felt and flow along the felt in the machine
direction are both.of importance in the nip of the press rolls. Be-
cause of the complex fiber and yarn orientation of woven felts, the
resistance to flow is generally different in these two directions.
Therefore, the flow resistance in.each direction must be considered.
Because viscous, single-phase flow through porous media is under-
stood better than other types, it was the only kind considered here.
An understanding of viscous, single-phase flow through woven wool felts
is certainly basic to any investigation of turbulent or two-phase flow.
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HISTORICAL REVIEW
'Previous work directly concerned with woven wool felts is limited.
Studies concerned with flow through ordinary open-weave textiles.are
not applicable to the close weave and less highly twisted yarns of
woven felts. .Of interest to the present study, however, is the consider-
able amount of work .done in recent years on the flow through porous beds
of fibers with a random or a known orientation.
Previous work on the air permeability of woven textiles is concerned
primarily with the inertial resistance of open-weave fabrics. Robertson
(1), Backer (2), and Penner and Robertson..(3) assumedthat flow was
mainly through the interyarn pores and considered them to behave like
orifices. They worked out correlations between a modified Reynolds
number and.calculated discharge coefficients. Because the orificelike
behavior of a fabric pore was dependent not only on the yarn.diameter
and yarns per inch but also upon the weave, difficulty was experienced
in.finding a characteristic pore dimension to generalize the correlation
for all fabrics.
Goglia, et al..(4),.studying-the air permeability of parachute
cloth, assumed the pressure gradient.at an interior point of flow was
due to the presence of inertial and viscous contributions combined
linearly. They developed a correlation relating permeability to the
effective pore diameter, the plane porosity,.and the fabric thickness
which fits data for screens and.open-weave fabrics but not close-weave
fabrics. Because the.present investigation is concerned with viscous
resistance in close-weave fabrics, the above work will not'be considered
further.
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Cunningham,.et al. .(5).studied the flow of air, water, and oil
through several porous filter media of a textile type including non-
woven and woven felts. A linear relationship between a Darcy-type
resistance coefficient and the cloth weight.was observed for viscous
flow of air through the nonwoven, but not the woven, felts. The com-
plex geometry of the weaves was believed to be the governing factor
determining the resistance of the latter. Differences between air,
water, and oil permeabilities were observed and attributed to wetting
phenomena and degree of aeration of the liquid. The liquid flow data
were correlated by a Reynolds-number-friction-factor-type relationship
that did not include geometrical factors.
In the broad field of flow through porous media, generalized
correlations of a modified friction factor and a modified Reynolds
number have been proposed for streamline and turbulent flow. One of
the more recent of these (6) uses as.a basis the Reynolds-number-
friction-factor plot for flow through smooth pipe. To use this cor-
relation, values of the modified Reynolds number and the modified
friction factor must be multiplied by suitable parameters that-are
functions of the bed porosity and the particle shape. Because cor-
relations of this type are useful mainly in the turbulent-flow region,
.they will not be considered further here.
.In the streamline-flow region,better characterization of flow
in relation to the physical properties of the medium is possible. .The
resistance of the material to fluid flow,.obtained from rate and driving-
force relationships can be related to the shape, size, and orientation
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of the particles comprising the bed. Particularly useful in this
connection is the familiar Kozeny-Carman equation which expresses
the viscous flow resistance of a porous material in terms of its
porosity and the specific surface and orientation of the particles com-
prising the bed. This equation has been derived for the streamline
flow of a noncompressible fluid through a porous bed under the follow-
ing conditions. (1) The pore space may be regarded as a bundle of
parallel capillaries with a common hydraulic radius and a cross-sec-
tional shape representative of the average shape of a pore cross section.
(2) The path of a streamline through the bed is tortuous, the average
length being greater than the bed length. (3) The basic mechanism is
capillary flow. (4) No pores are sealed off. (5) The pore size is
uniform. (6) The pores are randomly oriented. (7) Diffusion and
surface effects are absent.
Because of the importance of this equation to the field of flow
through porous media and to the present work, a brief summary of its
derivation will be given here. The original relationship was derived
by Kozeny () and later modified by. Carman (8). The derivation has
been summarized by others, for example,Ingmanson (9), Scheidegger
(10), and Whitney, Ingmanson, and Han (11).
Darcy's permeability equation for viscous flow through porous




where g is the volumetric flow rate through a bed of cross-sectional
area:A and thickness L; AP is the frictional pressure drop across the
bed; u is the fluid viscosity,.and K is the permeability coefficient.
Kozeny observed a similarity between this equation and Poiseuille's
expression for the rate of streamline flow of a noncompressible fluid
through a long,straight channel of constant, circular cross section.
Poiseuille's law,
where A is the cross-sectional area of a tube of length L and radius-e
r , can be generalized for single channels of various cross-sectional
shapes by substituting the mean hydraulic radius m for re/2 and k for
the resulting numerical factor 2. (The hydraulic radius is defined as
the ratio of the volume of channel to the area of wetted surface and
for a circular pore is therefore equal to r /2.) Making these substi-
tutions, the generalized form-of Poiseuille's equation becomes
.- = Ae k (3)
-o -e
where k ,.the channel shape factor, depends upon-the shape of the pore
cross section.
If one considers a randomly packed, porous bed, the cross-sectional
area of the pore space is constant throughout the bed and equal to (A
where E is the porosity or void fraction of the bed. If ani equivalent
system of parallel similar capillaries is assumed per unit volume of the
bed, the total volume and internal wall surface of the channels are
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equivalent, respectively, to the void space and surface area of.the




where S is the effective surface, area of the particles per unit bed
-o
volume.
If u is the superficial linear fluid .velocity, the pore velocity
parallel to the flow direction would be u/ . Carman (8) pointed out
that because the path taken by an element of fluid is tortuous, the
correct pore velocity is given by
-e
because in a given time interval the fluid must move the tortuous
distance L ,.greater than L.
Combining this concept of the pore velocity with Equations (1),
Thus, the permeability coefficient K is given by
If.the area of contact between particles is assumed negligible in
.comparison with the total effective surface area of the particles, the
surface area per unit volume of.particles, v, .will be given by
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S = s(l-). (8)
-o -v
The product of the channel shape factor k and the tortuosity (L/L) 2
is usually called the Kozeny constant k. Substituting for S and
-o
k (L /L) in Equation (7), one obtains the Kozeny-Carman equation,
This equation has been experimentally verified for viscous fluid
flow through unconsolidated beds of many different shaped particles
including spheres, sands, powders, various textile fibers, and glass
fibers by a great number of workers. Recent monographs by Carman (12)
and Scheidegger (10) discuss in detail some of the significant findings
of this previous work and therefore a review of this type will not be
given here. The general conclusions of significance to the present
work will .be discussed, particularly those relating to beds of fibers.
In recent years the Kozeny-Carman theory has been used success-
fully to relate the specific filtration resistance of wood pulp fibers
to the bed structure for conditions of both constant-pressure and
constant volume filtrations (9, 13). In a recent review of filtration
theory, Miller (14) states that"...the validity of the porosity-surface-
resistance relationship as correlated by the Kozeny-Carman law'is well
established at least within the limits of engineering accuracy."
Some work has also been done on the application of the Kozeny-
Carman equation to viscous fluid flow through consolidated porous media
(15, 16). Consolidated media refer to those materials in which the
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solid portion forms a continuous and permanent structure. These media,
unlike randomly packed, unconsolidated beds, usually have nonuniform
pore textures, high tortuosities, and different permeabilities in dif-
ferent directions. Because consolidated beds usually do not conform
to the requirements of a random pore structure and a uniform pore size
assumed in the derivation of the Kozeny-Carman equation and are char-
acterized by high tortuosity, values of the Kozeny constant k are dif-
ferent from those observed for random, unconsolidated beds and in some
cases become quite large.
For cases of more uniform pore texture, the effect of.high tor-
tuosity has been evaluated by an electrical conductivity technique
(15,16, 17). As a basis for this treatment, k , the channel shape
factor, is assumed to be constant for all pores in the consolidated
bed and a.tortuosity factor, T, obtained by electrical conductivity
measurements is equated to (L /L). Thus, for consolidated media, the
Kozeny constant is given by the expression
k = k 2. (10)
Studies (15, 16, 17) have shown good agreement between experimental
and calculated permeabilities based on these assumptions for some
consolidated media. This assumed relationship between..electrical and
hydraulic tortuosities is.somewhat questionable,.however, as one in-
vestigator (18) presents data for porous rocks that indicate the ex-
pression for the Kozeny constant should be
k = k T.
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Unfortunately, the technique has not been applied to beds of.fibers, and
the correct relationship, if it exists, is unknown.
Of particular interest to the present investigation is the work
concerned with the application of the Kozeny-Carman theory.to the per-
meability of fibrous beds. Those studies of importance to the present
investigation will be briefly reviewed here.
In an investigation of the water permeability of wood pulp, rayon,
and cotton fibers, Robertson and Mason (19) point out that the void
fraction, represents that portion of the bed volume available to
the flowing liquid. Because their fibers were of irregular cross sec-
tion.and swell in water, the bed porosity was expressed as
= 1 - vc (12)
where c is the mass of the fibers per unit volume of the bed and v is
the effective specific volume of the fibers. Since the void fraction
could not be determined directly from the bed density, c, they re-
arranged the Kozeny-Carman equation in such a manner that.a graphical
treatment of permeability data taken at different bed densities would
yield directly the values of effective specific volume, v,and the
product of the Kozeny constant and the square of the specific surface,
S defined on a mass basis. The equation that they used,.obtained by
substituting the expression for ( given by Equation (12) in the Kozeny-
Carman equation, is
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where S the surface area per unit mass is equal to vS. A plot of
(Kc2 )l/ 3 against c will be linear if the Kozeny-Carman equation applies,
2
and the slope and intercept will.yield respectively values of kS and-w
V.
Carroll and Mason (20) compared values of the specific volume of
nylon, acetate, and viscose rayon fibers obtained by a displacement
technique with those calculated from permeability data obtained with
a nonswelling liquid and observed good agreement. Specific volumes,
determined on the same fibers using water as the permeating liquid
showed fair agreement.with values calculated from moisture regain and
centrifuging measurements.
Deviations of the data from the linear relationship predicted
by Equation (13) were observed by Robertson and Mason'(19) for poros-
ities greater than.0.8, which they attributed to increasing values of
the Kozeny constant with increasing porosity. Deviations of water
permeability data from the predicted linear relationship at porosities
below 0.5 were observed for bleached sulfite wood pulp by Carroll and
Mason (20) and Mason (21). They believed this deviation was due to
deformation of the fiber either by collapse of the lumen or deswelling
of the fiber wall by the applied compressive load.
These same investigators (19-21) observed a decay in permeability
with continued flow of liquid through the fibrous bed. Systematic
experiments by Carroll and Mason (20) showed that the decay was most
.serious with highly swollen or very flexible fibers and was accelerated
by liquid flow. They believed the decrease in permeability was caused
-11-
by a relaxation of internal stresses in the compressed pads causing a
movement of fibers which would cause the.Kozeny constant to increase.
To minimize decay, they measured the flow rate as quickly as possible,
released the stress on the pad, and momentarily reversed the flow
direction before proceeding with the next measurement, Ingmanson, et
al. (22) have stated that pressure drops in excess of 1% of the applied
.stress cause a mat deformation that results in a nonlinear relationship
between pressure drop and flow rate.
Another form of the Kozeny-Carman equation found useful in analyz-
ing flow through compressible porous beds is given by Fowler and Hertel
(23). If one considers a porous bed so highly compressed that its void
volume is zero, then the effective particle density and the bed density
are the.same and equal to W/AL where L is the bed thickness at zero
porosity and W is the mass of particles in the bed. Since the solid
fraction of the bed is L /L, the porosity is given by
If this value of is substituted in Equation (9),the following
form is obtained
-v -o
.A plot of (KL)1 / 3 against L will.be linear. if.the Kozeny-Carman equation
applies--that is, if k, Sv, and L are constant. Permeability values at
-0
2
.different bed thicknesses can be used to evaluate kS and L simultan-
eously from which the effective particle density may be calculated.
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A plot of Brown's (24) air-permeability data for beaten sulfite
pulp fibers in the above form is linear for porosities of 0.56 to 0.88
but deviates from linearity,for porosities lower than 0.56. Extrapola-
tions of this curved portion of the plot gives a fiber density very
nearly the same, as that obtained for cellulose by displacement means.
Brown believed that the Kozeny constant-increased with decreasing
porosity in the low-porosity range. Mason (21) pointed out that under
the high compressive pressures used by Brown the. effective specific
volume of the fibers may,decrease and gradually approach the specific
volume of cellulose determined by gas displacement.
Several investigations have indicated the effect of fiber orien-
tation and porosity variation on the value of the Kozeny constant.
Fowler.and Hertel (23), studying the air permeability of.several
randomly packed beds of different textile fibers, found excellent
agreement between specific surface values calculated from microscopic
measurements and those calculated from the Kozeny-Carman equation
using an average value of the Kozeny constant of 5.55.
.Sullivan and Hertel (25) studied the air permeability of carefully
oriented beds of glass.spheres.and glass fibers for which the specific
surface had been determined microscopically. For surfaces oriented at
random, a value of the Kozeny constant of 4.5 (( =0.39)was observed.
For fibers parallel tothe direction.of flow, the Kozeny constant.was
equal to 3.0 (E = 0.87) and for fibers oriented perpendicular to the
flow direction, k was 6.0 (E= 0.81).
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From Emersleben's (26) mathematical treatment of flow parallel
to uniform cylinders in square array, a decrease in the Kozeny constant
with porosity may be predicted. Sullivan (27),-in an investigation of
flow through compact bundles of.circular fibers oriented parallel to
flow, observed an initial rapid decline in the Kozeny constant with
porosity from 10.6,at a porosity of 0.98 to 3.0 at a porosity-of 0.88
and a more gradual decline thereafter, to a value of 0.99 at a porosity
of 0.35. Cotton fibers possessing an irregular cross section showed a
much smaller decline in the-Kozeny constant with porosity than the cir-
cular fibers. Incomplete parallel orientation of the fiber surfaces
caused by convolutions and other irregularities was believed responsible
for this difference. A decline in the Kozeny constant from 3.46,ata
porosity of 0.93 to 2.31 at a porosity of 0.55 was observed for.cotton
fibers.
In an investigation of the air permeability of wool fibers oriented
parallel to flow, Anderson and Warburton (28) observed that the Kozeny
constant was fairly independent of porosity,in the range 0.47 to 0.68
and had an average value of 2.0. Using fibers of different diameters,
they observed values of the Kozeny constant ranging from 1.6 for.coarse
fibers to 2.5 for fine fibers. Since the coarse fibers were more easily
straightened,they were probably more nearly straight and parallel. For
the same fibers cut into short lengths and packed into random beds at
a porosity of 0.7, they observed an average value of 6.1 for the Kozeny
constant for all diameter fibers.
Roy and co-workers (29), studying the air permeability of fibers
oriented parallel to flow,observed a variation in the Kozeny constant
-14-
with porosity for wool fibers very nearly the same as that observed
by Sullivan for circular fibers in the porosity range 0.45 to 0.95.
An increase in the Kozeny constant with porosity was observed
by Lord (30) for the flow of air through carefully randomized and
uniformly distributed beds of textile fibers in the porosity range
0.77 to 0.99. Relatively higher values of the Kozeny constant were
obtained for wool fibers than for cotton fibers under similar condi-
tions. Differences in fiber cross section were believed responsible
for the difference.
.Studies of the air permeability of fibers oriented normally to
the flow direction indicate an increase in the Kozeny constant with
porosity at porosities greater than 0.80. Sullivan (31) observed
such a variation for fibers parallel to each other and normal to
flow. Davies (32) obtained an empirical equation for the variation
in the Kozeny constant with porosity based on air-permeability data
for filters formed from different fibrous materials. Davies' fibers
were oriented primarily normalto flow but randomly in the x-y plane.
Brown (24) observed an increase.in the Kozeny constant with porosity
from air-permeability data for glass fibers oriented normal to flow.
He found that k varied less with porosity in a randomized bed than in
the oriented bed. Ingmanson, et al..(22) observed an increase in the
Kozeny constant with porosity from water-permeability measurements on
beds of nylon and glass fibers oriented normally to the flow direction
but randomly in the x-y plane.
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Happel (33) presents a solution of the Navier-Stokes equations for
viscous flow normal and for viscous flow parallel to a square array of
circular cylinders. For each case, a derived expression for the variation
in the Kozeny constant with porosity predicts a decrease in k with ..
Also on the basis of his analysis, the predicted value of the Kozeny con-
stant for flow normal to the cylinders was about twice that for flow
parallel to the cylinders at a given value of porosity. Happel points
out that his analysis is probably not applicable at porosities lower than
.0.4 to 0.5, but showed fair agreement with the results of others in the
higher porosity range.
In a theoretical study of viscous flow normal to an infinite array
of circular cylinders arranged in a hexagonal pattern, Shearer (34) used
an electric resistance network analog to solve the Navier-Stokes equa-
tions. Although the values of the Kozeny constant he obtained were about
four times those observed for beds of real fibers, the percentage varia-
tion of.the Kozeny constant with porosity appeared to be the same as that
obtained for randomly packed fiber beds at porosities greater than.0.8.
Therefore, Shearer concluded that the variation in Kozeny constant with
porosity was not due simply to a shift of the pore-size distribution with
the degree of packing of the fibers.
Carman (35) points out that the-assumption of flow through channels
used in deriving the Kozeny-Carman equation no longer applies at high
porosities. As the particles move farther apart, the situation becomes
one of a fluid in relative motion to the particles.
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The variation in Kozeny constant with porosity for flow parallel to
beds of fibers can be attributed to a change in the channel shape factor,
because the tortuosity(L_/L)2 would be unity for this case. Carman (35)
points out that the very low values of Kozeny shape factor observed by
Sullivan for flow parallel to beds of fibers of low porosity are reason-
able from geometrical considerations. When the capillary walls approach
to form relatively narrow spaces with sharp angles, shape factors near
1.0 are to be expected. In a bed of closely packed parallel fibers,
channels of this shape would be expected to extend the length of the bed.
However,.in a randomly packed bed the flow channels are continually
breaking up, dividing and reconnecting along the flow direction. There-
fore, one may speak of an average channel shape which would vary little
with porosity. Carman believes the average value of the shape factor
for most porous beds should be about 2.5. Fowler and Hertel (23) be-
lieve an average value of 3.0 applies to the rather elongated cross
sections present in fibrous beds.
Scheidegger (10)criticizes the Kozeny-Carman theory as being an
oversimplified approach to the problem of flow through porous media,
and proposes a statistical theory. However, as Ingmanson,et al..(22)
point out, this approach is not sufficiently advanced for direct appli-
cation to problems of interest, and the Kozeny-Carman theory, though
oversimplified for flow through fiber beds of high porosity, does lead
to intelligible results that can be related to experimental observations.
The present investigation is not concerned with the high-porosity region,
.and the type of deviations from the Kozeny-Carman equation associated
with highly porous fibrous beds are not expected to be too important.
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Until recently no attempt had been made to test the applicability
of the Kozeny-Carman theory to flow through woven filter media. Because
woven wool felts possess a definite but complex orientation,they cannot
be treated as random fibrous beds. Felts also do not strictly belong to
the class of consolidated porous media because the solid portion of the
fabric does not form.a continuous and permanent structure. Grace (36)
made a.start.toward the study of the flow resistance of.woven textile
filter media. In his study he observed good agreement between the.aver-
age pore size of a woven felt calculated from the simple Kozeny-Carman
equation from permeability data (obtained with a nonswelling:liquid) and
the modal pore...size in the bulk of the felted structure obtained by a
mercury intrusion technique. He assumed a value of 5 for the Kozeny
constant. Because his work was concerned with a study of the pore-size
distribution of different types of filter media, he obtained data for
.only one woven felt under one set of conditions. His results also in-
dicated that 30 to 50% of the pore volume of many woven textiles con-
sists of interfiber pores even for fabrics woven with high-twist yarns.
These results indicate that.the interfiber pores of textiles may be
more important.to fluid flow than was believed heretofore. Grace's
work was concerned with woven textiles under no compressive load.
In an investigation published near the end of the present study,
Ginn (37).compared the permeabilities of.different commercial woven
felts at various stages of compression. Air and water permeabilities
for each sample were determined for the case of flow parallel to the
warp yarns (lateral direction)as well as for flow normal to the felt.
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The data were plotted on double logarithmic paper in the form per-
meability constant against Kozeny-Carman porosity function, and the
deviation of the data for each felt from the predicted line of 45° slope
was interpreted as an indication of t e changing pore-size distribution
of the felt. He concluded that the largest pores were affected most by
compression initially, and as compression proceeded,.the smaller pores
changed more than the larger ones. A greater permeability was shown by
all felts in the lateral direction than in the normal direction, which
was believed due to a wider.distribution.of pore sizes in the lateral
direction. Used felts showed a higher permeability and wider pore-size
distribution than new felts, and fine felts had a lower permeability
and narrower pore-size distribution than ordinary felts.
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PRESENTATION OF THE PROBLEM
The review of the literature revealed that the validity of the
Kozeny-Carman equation is well established for randomly packed fibrous
beds of porosities 0.5 to 0.8. Several investigations have demonstrated
the dependence of the Kozeny constant on the fiber orientation and the
porosity of the bed. Investigations by Grace (36) and Ginn (37) have
indicated that the Kozeny-Carman theory may, be useful in the analysis of
flow through woven wool felts.
In the present investigation, the effect of certain structural
characteristics of woven felts on their flow properties was to be
studied. It:was expected that these structural characteristics would
affect the flow resistance mainly through differences in fiber orienta-
tion. If the Kozeny-Carman theory could be established for flow through
woven wool felts, the effect of the different fiber orientations on the
flow resistance could be determined by comparing calculated values of
the Kozeny constant for different felts with the values reported in the
literature for fibrous beds of known structure.
Thus, the first objective.of this investigation was to extend the
Kozeny-Carman theory to flow through woven wool felts. Then if an in-
dependent measurement of the specific.surface and the specific volume
of the water-swollen wool fibers were made, these data in conjunction
with the permeability results could be used to calculate values of the
Kozeny constant for different felts at various values of paddensity.
Then the effect of the structural properties on the flow resistance
could be evaluated.
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Eleven felts were specially constructed to evaluate the contribu-
tion of four structural felt properties to the resistance of the felt
to the flow of water. The experimental objectives were: (1) To measure
the permeability of each felt sample at several pad densities for flow
normal to the bed, (2) to measure the lateral permeability of each felt
at several pad densities, (5) to measure the specific volume of the
water-swollen wool fiber, and (4) to measure the specific surface of
the water-swollen wool fiber for each sample. The data could then be
used to validate the application of the Kozeny-Carman theory to flow
through woven felts, and to ascertain the effect of the structural




A discussion of the felt structures studied. should be preceded by a
brief description of the steps in the manufacture of a.felt. The follow-
ing paragraphs outline the manufacturing processes used to convert wool
fibers into a felt.
Cleaned and dried wool fibers are laid down to form a thin,.uniform
sheet:whi.ch is condensed into a cylindrical sliver. The fibers are then
spun into a yarn by stretching and twisting this cylinder. Operations
designed to align the fibers more or less parallel to each other may pre-
cede the spinning.
Following the spinning operation, the base structure of the felt is
formed byweaving. Weaving consists of interlacing warp and fill yarns
at right angles to form a fabric. The warp yarns extend lengthwise on
a loom, and fill yarns (often termed picks) are passed between them in
a definite pattern called the weave. The properties of the felt can be
controlled by using warp and fill yarns of different diameter,.varying
the number of yarns per inch, and.choosing different weaves.
After the basic wool fabric is formed, it is subjected to a long
series of alternating compressions.and relaxations in warm, soapy water
of a controlled pH. The wool fibers migrate and become entangled. The
felt may shrink as much as 50% , and a denser and more compact structure
is obtained. This process is referred to as fulling.
If a felt is desired that will.impart a smoother finish to the paper,
it is napped by raising fibers on the surface. Napping is done on machines
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with large cylinders equipped with small spindles covered with teazles.
The spindles and teazles revolve in the direction opposite to that taken
by the felt. Individual fibers are gently pulled up from the felt surface.
In the present investigation, it was desired to study the effect of
basic weave, the number of picks per inch, the yarn size, and the felt
finish .(i.e., napped or natural) on the resistance of the felt .to the flow
of water. To observe the contributions of each of these variables to the
flow resistance, it was desirable to have pairs of felts of known structure
which were identical in all these properties but one. Differences in flow
resistance between each pair could then be associated with the known struc-
tural difference.
With the co-operation of a local felt company, special felts were
designed and manufactured which made possible the type of comparisons
referred to above. Eleven felt samples were constructed which made
possible the investigation of three weaves, three yarn sizes, napped
and natural finishes, and two pick counts. In all felts, the number
of warp yarns per inch, the yarn twist, and wool fiber type were the
same. All samples were fulled. In any one felt,,the warp yarn and fill
yarn size were the same.
The structural properties of the eleven felt samples studied are
given in Table I. Yarn sizes are given in the,American cut system the
cut being the number of 300-yard hanks per pound. The weave patterns.are
shown diagranmatically in Fig.1. The 5 & 1 sateen weave gives a cloth
characterized by predominantly fill yarns on one surface and warp yarns


















STRUCTURE OF FELT SAMPLES
felts have 48 warp ends per
Weave
Pattern
5 & 1 sateen
3-3 plate
3-3 plate




































fill yarns on both surfaces which envelop the warp yarns in the center.
The duplex weave results in a cloth that appears to have-a 5 & 1 weave
on one surface and a broken twill weave on the other. The yarn orienta-
tion is therefore irregular with one surface predominantly fill yarn and
the other approximately equally divided.between fill and warp yarn.
The felt samples were not designed to attempt an investigation of
all types presently manufactured. Those designs chosen are typical of
many wet press felts, and most press felts now in use would be similar
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The transverse permeability apparatus, shown in Fig. 2, incorporates
some of the features of the filtration tube of Ingmanson (9). The major
modifications in design required for this work were. concerned with the
necessity of.applying large, constant compressive loads to the sample;
the addition of a guarded zone to eliminate from consideration the de-
creased resistance around the edges of the precut pad; and the measure-
ment of very small pad thicknesses.
The upper portion of the permeability tube consisted of a .4 1/2-
inch inside diameter Plexiglas tube. Tothe top of. his tube was ce-
mented a Plexiglas flange, and to the top of this flange was cemented
a 6 1/2-inch inside diameter Plexiglas tube. Two holes were drilled
through this flange, and to each.were cemented 1/2-inch plastic tubes,
one of which was the water inlet and the other a constant-level over-
flow tube. A plastic.scale was affixed to the inside of the 6 1/2-inch
tube to permit reading of the water level. A Plexiglas cover was
provided for the top of this tube to prevent contamination of the water
supply during the course of the permeability, determination.
The septum consisted of a 1-inch thick brass plate perforated over
the flow area with 3/16-inch diameter holes on 1/4-inch centers, and
faced with a 150-mesh screen backed by a 48-mesh screen. The septum was
designed to provide the largest flow area consistent with the necessary
strength required to transmit large pressures to the pad. A brass retain-

















The plastic permeability tube was equipped with. a brass clamping ring
which screwed to the septum. A water-tight seal between the permea-
bility tube and the septum was provided by a rubber "0" ring.
The piston consisted of an ll-inch length of 4 1/2-inch outside
diameter brass pipe to one end of which was soldered a 1-inch brass
disk perforated in the same manner as the septum. A 3/4-inch brass
disk was attached to the opposite end of the piston to permit connec-
tion to the 1 3/8-inch stainless steel rod which transmitted the com-
pressive pressure to the piston. Four 1 by 3/4-inch slots around the
top circumference of the piston tube helped maintain the constant water
level above the sample.
To prevent inaccuracies in the permeability determination caused
by a decreased resistance at the pad.edges and a resulting lateral flow,
,the apparatus was constructed in accordance with the annular guard ring
principle of Carson (38), which has previously been used.in permeability
studies on paper (24, 9,.40). Therefore, provision was made to separate
the flow through a center test.area (guarded zone) of the pad from flow
through the outer annulus of the pad. Formation of these two zones in
the pad was accomplished by installing a narrow clamping ring on the face
of the septum and on the face of the piston. These rings,.exactly opposite
each other, protruded slightly above their.respective surfaces. Separate
collection chambers and piping systems below the septum permitted separate
flow control and, therefore, equalization of.the pressure in the two
chambers. Because the head of water above the sample was the same for
both zones and the pressure below the sample was equalized in each zone,
-no lateral flow from the center section of the pad toward the edges would
occur.
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The guarded zone was constructed as follows: A groove, 3 inches
inside diameter by 1/8-inch wide, was cut into the face of the septum
and also into.the face of the piston. The grooves were properly centered
and were exactly opposite each other when the apparatus was assembled.
Into each groove was placed a brass ring 3.000 inches inside diameter
by 1/8-inch wide of a depth sufficient to protrude 0.005 inch above the
adjacent finished surface. Another similar pair of brass rings designed
to protrude 0.035 inch above the adjacent finished surface was provided
for use at small compressive loads. Five countersunk brass screws were
used to hold the rings in place.
A 1/8-inch annulus was cut from the 48-mesh backing screen to allow
insertion of the brass ring. The 150-mesh screen was allowed to pass
under the ring. The portions of the septum and piston directly beneath
the rings were not perforated.
Flow from the inner guarded zone was kept separated from flow
through the outer zone by means of a divided collection chamber below
the septum. The inner portion of the chamber was constructed of a -
inch inside diameter brass pipe 4 inches long, and was mounted inside
a 4 1/2-inch inside diameter brass pipe 6 inches long. The bottom of
each portion of the discharge chamber consisted of a brass plate soldered
to the pipe and beveled toward a 1/2-inch outlet to which.was soldered a
short section of copper tubing. Screws were used to connect the septum
to.a brass flange soldered to the outer wall of the divided collection
chamber. Rubber "0" rings, recessed in the lower side of the septum at
the points of connection with the divided collection chamber, prevented
leakage of. water from either section.
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A pressure tap ,was provided for each chamber at a point 1 inch be-
low the bottom of the septum. To each pressure tap was connected a U-
tube water manometer, one end of which was open to the atmosphere. The
manometers were constructed by mounting l0-millimeter glass tubing on
meter sticks. The water level in the manometer could easily be read to
the nearest millimeter and estimated to the nearest 0.1 mm.
The transverse permeability cell was mounted in a heavy-duty frame
so-designed that the piston and septum remained parallel during compres-
sion. The compressive load was provided by a Blackhawk number 540, 4-ton
hydraulic cylinder attached to the top of the frame and connected to the
piston by means of the 1 3/8-inch..stainless steel rod. This rod passed
.through a hole in the top steel bar of the frame. This hole, .slightly
larger than the rod, was placed in the center of a 3/16-inch .wide by
10-inch long slot in the 4-inch by 1 1/2-inch steel bar. Machine bolts
on .either side of the hole at right, angles to this slot, ,when tightened,
caused the. stainless steel rod to be held firmly in place. Therefore,
when the desired pad thickness was reached and the bolts were tightened,
.continued compression or expansion of the pad was prevented. The separa-
tion of the piston. face and the septum was obtained with dial indicators
reading to 0.001 inch. Two indicators were mounted rigidly on. opposite
sides of the solid brass disk forming the top .of the piston. The refer-
-ence levels for the indicators were two 3/8-inch stainless steel rods
mounted rigidly to each.side of the base upon which the permeability cell
rested; thus, the deflection of this beam during compression was auto-
matically accountedfor. The above features of the apparatus are shown
in Fig. 3.







charge chamber of the permeability apparatus. Suction was applied to
each chamber by means of.a Roth model 020 turbine-type centrifugal pump
(,Roy E. Roth Co.,,Rock Island, Ill.) in each piping system. These pumps
were provided with 1150-r.p.m. electric motors and were capable of pro-
viding small constant flow rates. The flow rate from each chamber could
be regulated by means of needle valves in the discharge line from each
pump and by means of needle valves in the by-pass lines connecting the
suction and discharge of each pump.
Purified water, stored in glass containers, flowed by gravity into
the permeability tube. The flow rate was adjusted with a pinch clamp
on the rubber inlet.hose. Water from the discharge side of the two
pumps passed through Fulflo number BR-8 filtering units (Commercial
Filters Corp., Melrose, Mass.);and was returned to the supply bottle.
The flow rate through the test zone was measured with a Fischer and
Porter rotameter (Fischer & Porter Co., Hatboro, Pa.,) installed in the
line between the. septum and the suction side of the pump. Two meters
of different capacities, numbers B4-22-10/77 and 2F-1/2-16-5/70, were
connected in parallel with appropriate shut-off valves so that either
meter could be used , and flow rates from 0.05 to 4000. cc. /sec.. could
be measured. Thermometers reading to 0.1°C. were. installed in the in-
let and discharge lines. The piping layout is shown in Fig. 4.
LATERAL PERMEABILITY APPARATUS
The essential features of the lateral permeability apparatus are
shown in Fig.. 5. The permeability cell consisted of three main por-













SIDE ELEVATION FRONT ELEVATION
Figure 5. Lateral Permeability Cell
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discharge chamber. As in the design of the previous apparatus,-provision
was made to eliminate sidewise flow to the pad edges. .Flow through the
center test area of the rectangular pad was separated from flow through
the outer pad edges by constructing narrow, protruding ridges on the faces
of the rectangular compression jaws. Separate flow collection chambers
and piping systems below the sample permitted separate flow control from
each zone and permitted equalization of.the pressure in the two chambers.
Because the pressure above the sample was.the same for each zone and the
pressure below the sample was equalized in each zone, sidewise flow from
the center section of the. pad toward its edges was prevented.
The compression jaws were constructed. of solid pieces of brass,
1 by 5-35/4 by 1-5/8 inches, between which a l by 4 5/8-inch sample was
compressed. Four vertical, beveled ridges, 1/8-inch .wide by 1-inch
long, which protruded 0.035 inch above the face of each jaw divided the
flow area into a 3-inch center test zone and two 1/2-inch.wide outer
guard zones. The ridges at each end..of the jaws caused the felt to act
as a gasket to prevent leakage. Another set of jaws with ridges pro-
truding 0.005 inch above the jaw face was used together or in combina-
tion with the above jaws for smaller pad widths.. The opposing jaws
operated on accurately aligned brass keyways, 1/4-inch square, fastened
to a 4 by 1 1/2-inch steel base that acted as a support for the rear
jaw. The sample was compressed by applying hydraulic pressure to the
front jaw by means of the 7/8-inch stainless steel rod.. The- alignment
and clamping arrangement provided for the 7/8-inch rod were the same as
that described previously for the transverse permeability apparatus.
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Accurately ground chromium-plated steel spacers, inserted between the jaws
beyond the flow chamber, were used to set.the desired sample width.
When the sample had been compressed to the desired width and the
compression jaws were locked in place, the divided discharge chamber and
the head chamber were fastened to the bottom and top sides, respectively,
of the jaw pair. The rectangular head chamber, 4-1/4 inches by 2 inches
by 3 inches inside dimensions,, was. constructed from 1/4-inch brass plate
formed into a box and soldered to a 1/2-inch brass plate, 4 inches by 6
inches, provided with a center slot 4-1/4 inches by 1/2 inch. At each
corner of this 1/2-inch plate, slots were. provided for screws which were
used to hold the head chamber to the compression jaws. A gasket of 1/32-
inch rubber placed between the jaws and the head chamber prevented leak-
age. The inside surface of the 1/2-inch Plexiglas top of the head chamber
was concave and was provided with a petcock at its highest point to allow
air to leave the chamber as it was filled with water. The top of the
petcock was provided with a screwed.fitting to allow insertion of a Bourdon-
type pressure gage. Screws were used to fasten the Plexiglas top to the
brass head chamber. The head chamber was provided with a-manometer tap
and a water inlet connection.
The discharge chamber was constructed entirely of brass plate to the
same over-all.dimensions as the head chamber. It differed from the latter
in having two compartments--one for collection of flow from the center
test zone and one for collection of the flow from the two outer guard
zones. Separate piping connections were provided for each chamber. A
brass septum with countersunk 1/8-inch holes on 35/16-inch centers was
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fitted intothe slot in the top ofthe discharge chamber to prevent verti-
cal deformation of the pad during.flow. A 1/32-inch rubber gasket cut to
fit the upper surface of.the partitioned discharge chamber was installed
between the compression jaws and this chamber to prevent leakage. Elont
gated.openings for screws were.cut at each corner of the slotted 4-inch
by 6-inch by 1/2-inch brass plate forming the upper surface of the dis-
'charge chamber to permit the attachment of the compression.jaws.
The discharge side of a Roth model 020 centrifugal pump was attached
to the water-inlet connection of the head chamber. Pressure in the head
chamber was controlled by adjustment of a needle valve in a by pass line
connecting the suction and discharge sides of.the pump. The flow rate
from each section of the discharge chamber was controlled with.a needle
valve located in the piping leading from each compartment. The rate of
flow from the test zone was measured with the Fischer and Porter rota-
*meters, previously described. Water from each section of the discharge
chamber passed through a Fulflo BR-8 filtering unit before returning to
the supply bottle. A thermometer reading to 0.1°C.. was installed, in the
inlet line. The piping layout is shown in Fig. 6.
A pressure tap..was provided for each sectionof. the discharge cham-
ber at a point 1 inch below the septum. To each of these pressure taps
and to the pressure tap in the headchamber was connected a U-tube mer-
cury manometer, one end .of which was open to the atmosphere. The mano-
meters were constructed by. mounting 10-millimeter glass tubing on meter
sticks. The mercury level in the manometer could be read to the nearest









chamber greater than 140 cm. of mercury were obtained with a calibrated
Bourdon-type gage.
The permeability apparatus and the water storage bottles were main-
tained at a constant temperature of 25°C. + 1°. Large temperature varia-
tions during the operation of the permeability apparatus and in the water





To obtain meaningful, reproducible permeability data, the purity
of the water was found to be of great importance. Tap water was allowed
to-pass through a Fulflo model BR-8 cotton yarn filter and then through
a Cullign(Clligan igan Co.,Northport, Ill.) water-soften0ng unit. The
mineral used in the latter was very effective in filtering out the organic
material present in the water. Following the Culligan unit, the water
passed through a column of Amberlite MB-3 ion-exchange resin (Rohm and
Haas Co.). This resin was a mixture of Amberlite. IRA-140 anion exchanger,
hydroxide form, and Amberlite IR-120, an acidic cation exchanger in hydro-
gen form. One pound of resin, and a flow rate of 4 gallons per hour were
used. The purified water was deaerated by boiling under vacuum in 5-
gallon glass solution bottles. Water treated in this manner was found
to have a specific resistivity greater than 250,000 ohm-cm. Water pre-
pared in the above manner was used in all the experimental work.
PREPARATION OF SAMPLES FOR EXPERIMENTATION
Before the permeabilityof a felt sample could be determined, it
had to be cut to size, cleaned, and completely saturated with deaerated
water. Pieces of felt sample of suitable size were boiled in purified
water under vacuum in a vacuum desiccator at 50°C. for 4-6 hours. The
sample, while wet, was cut to exactly fit the appropriate apparatus.
The circular sample was cut with a punch-type cutter consisting of an
accurately machined steel disk around which was clamped a flexible steel
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blade. The rectangular sample was cut with a similar cutter consisting
of an accurately machined rectangular bar to which was clamped a flexible
steel.blade. The force needed to cut the felt was applied to the top of
the sample cutter by means of a hydraulic press. Cutting the samples
while wet avoided any change in dimensions between dry and wet samples.
After being cut to size, the felt samples were again boiled under vacuum
in clean, purified water at 50°C. for 4 to 6 hours. The last step was
repeated to insure that the sample was clean and water-saturated.
TRANSVERSE PERMEABILITY DETERMINATION
DETERMINATION OF THE SEPTUM AND PISTON RESISTANCE
The septum and piston were designed to have as small a resistance
to flow as was consistent with their required strength. This resistance
was not negligible at the highest flow rates used, particularly where the
felt resistance being measured was small. Therefore, careful evaluation
of the piston and septum resistance was necessary to permit correction
of the permeability data for it.
If flow through the septum and piston is streamline, the permeability
(reciprocal of resistance) may be defined by Darcy's equation
l.
K=,^P-. (16)
A plot of the frictional pressure drop across.the septumand piston versus
the flow rate will be linear, and the permeability may be obtained from
the slope of the line. Considering the felt sample and the piston and
septum as resistance in series, the total resistance would be equivalent
to their sum. Therefore, at any flow rate where the resistance of the
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piston and septum is pot negligible, the true resistance of the felt.-sam-
ple would"be the difference of.the.experimentally observed resistance and
the resistance of the piston and septum at-that flow rate.
The procedure for determining the flow resistance of the piston and
septum was the same as that used in the determination of transverse per-
meability. Since only the resistance of the center test-zone portion of
the piston and septum was desired,the guard-zone portion was not used.
A constant water level was maintained in the constant head.chamber by
adjusting the pinch clamp on the rubber inlet hose until a small steady
stream of water flowed out the overflow tube. The needle valves in the
pump discharge and by-pass lines were adjusted until the desired flow
rate through the test zone was observed on the rotameter. The frictional
pressure drop was obtained as the difference in the water level in the
manometer when no flow occurred and when flow proceeded at the desired
rate. Because the pressure differences were small, the levels in the
manometer were obtained with a cathetometer reading to + 0.01 cm. The
data are plotted in Fig. 7.
PERMEABILITY MEASUREMENT
Before introducing the water-saturated felt sample into the per-
meability tube, the guard rings were removed from the septum and piston;
the dial indicators were securely fastened to their supports on the head
of the piston; and with the aid of a Bourdon-type gage, installed on the
hydraulic pump, indicator readings were obtained as a function of the
compressive load applied to the piston. Having obtained the zero indicator



























were installed on the septum and piston; the tube was filled with purified
water; the water-saturated sample was quickly transferred to the septum
from the vacuum desiccator in which it had been boiled; and the piston
was carefully replaced in the permeability tube. In this procedure it was
important to remove all air bubbles adhering to the surface of.the sample
or the piston. Such air bubbles were removed by alternate compressions
and relaxations of the sample, accomplished by manually moving the piston
up and down in the permeability tube. Air bubbles. were removed from the
septum before insertion of the sample by slowly filling the septum with
water from below.
The sample was compressed to the desired thickness by applying hy-
draulic pressure to the piston.. The felt thickness was obtained as the
difference between the indicator readings with the sample in place and
the zero indicator readings at.the same applied compressive load. After
the sample had been compressed, the stainless steel rod connecting the
piston and the hydraulic cylinder was secured by tightening the bolts in
the clamping device described previously. Continued compression or re-
laxation of the sample was thus prevented.
With the sample in place,.flow was initiated by starting the pump
connected to the test zone. The needle valves in the discharge and by-
pass lines were adjusted until the desired constant flow could be ob-
.served on the appropriate rotameter. The pinch clamp on the rubber inlet
hose was adjusted to permit a somewhat larger flow to enter the permea-
bility tube. The pump connected to the guard zone was started, and the
needle valves in its discharge and by-pass lines were adjusted until the
pressure in each compartment of the discharge chamber was the same. Flow
to the constant head chamber was readjusted as needed until a slight flow
proceeded through the overflow tube and the constant water level used in
all determinations was observed on the scale. Readjustment of the needle
valves in each discharge line was made as neededto obtain the desired
flow rate and keep the pressure equal in both discharge compartments.
Lateral flow from the test zone to the guard zone was thereby minimized.
The reference level for all pressure-drop measurements was the water
level.in the manometers when.no flow proceeded through the sample and
conditions in the constant head chamber were the same as during a run.
The pressure drop at a given flow rate was the difference between this
reading and the manometer reading at the given flow rate minus the pres-
sure drop across the septum and piston. Manometer readings were esti-
mated to the nearest O.l mm.
Readjustment of the various flow-control valves discussed above
permitted the determination of the pressure drop across the sample at
several different flow rates. A series of such flow rate-pressure drop
data were obtained for each felt sample.at..several different values of
pad density.
Pad decay (that is, an increase in the pressure drop across the
padwith ,a continued constant flow) was found to be serious under certain
conditions. Permeability decay of fibrous beds has been observed by
others (19-21) and has been attributed to a movement of the fibers with
flow causing an increase in the length of the.tortuous path taken by the
.liquid through the bed. In the present study, decay was minimized by
using flow rates as small as possible and reading the manometer as soon
as equilibrium conditions had been reached. Pressure drop-flow rate data
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were obtained at a given pad density by starting with low flow rates and
advancing to higher flow rates. As soon as the manometer was read at a
given flow rate, the flow was increased quickly to the next desired flow
rate to minimize the time during which flow proceeded through the pad,
To further minimize decay, the load on the sample was removed at the end
of a series of flow rate pressure drop determinations at a given pad den-
sity, and the pad was allowed to expand to its original uncompressed
depth. After a period of twenty to thirty minutes, the pad was compressed
to a new pad density and another.series of flow rate-pressure drop data
were obtained.
Immediately following the series of flow rate-pressure drop readings
at different pad densities, the pad was removed from the apparatus, trans-
ferred to a tared weighing bottle, and dried at 105°C. to constant weight.
This value was used to calculate the pad density at each pad thickness.
Using the above procedure, the reproducibility ofthe flow rate-
-pressure drop data at different pad densities was determined on a single
felt pad from Felt Sample no. 1. A series of flow rate-pressure drop
measurements were taken at a given pad density. At the conclusion of the
run, the loading was removed from the pad, and it was allowed to expand
to its original thickness. The sample was then compressed to the same
pad density and the run repeated. Three separate runs were made at a
given pad density in this manner, and the average deviation of the pres-
sure-drop readings at each flow rate was computed. This procedure was
repeated at two other values of pad density. The average deviation of
the pressure drop Values at a given flow rate and pad density was 2%.
A summary of the results is given in Table II.
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TABLE II
REPRODUCIBILITY OF TRANSVERSE PERMEABILITY DATA















































































































Duplicate or triplicate, runs at each pad density were made using
different pads from the same felt sample to insure results representa-
tive of that type of felt.
LATERAL PERMEABILITY DETERMINATION
DETERMINATION OF THE CELL RESISTANCE
The resistance of that portion of the lateral permeability cell
containing the test sample was determined to estimate its significance
to the lateral-permeability measurement. Small pieces of felt were
placed between the compression jaws across the 1/2-inch guard chamber
at either end of the test zone and with the aid.of the chromium-plated
spacers.the jaws were positioned to leave an opening in the center test
zone of 0.107 cm. The discharge chamber was filled with water and
screwed to the bottom of the compression jaws. The head chamber was
screwed to the top surface of the jaws, connected to the piping system,
and filled with water, using the petcock to remove entrapped air. The
valve controlling flow from the centertest zone was opened, and the
valve controlling flow from the guard zone was closed. The pump was
started, and the needle valves in the discharge and by-pass:lines at
the pump were adjusted until the desired flow rate was observed on the
rotameter. The fluid pressures in the head chamber and in the discharge
chamber were obtained from the appropriate mercury manometers. Since the
manometer tap in the discharge chamber was 11 cm. below the.manometer tap
in the head chamber, the pressure drop across the test area was the dif-
ference in the fluid pressure in the two chambers minus the difference in
fluid head between the two points where the pressure was measured. A
series of flow rate-pressure drop readings were made in the above manner
to determine the resistance of the sample holder from Equation (16).. The
data .are plotted in Fig..8.
At the small flow rates and large pressure drops used in the lateral
permeability determinations, the cell.resistance was insignificant and
was therefore neglected in the calculations.
PERMEABILITY MEASUREMENT
To insert the water-saturated felt sample, the head. chamber had to
be removed and the discharge chamber. had to be loosened to permit move-
ment ofthe compression jaws. After placing the accurately cut sample
between the jaws, spacers of the desired size.were placed at each end
of the jaws; and the jaws were brought.together with the aid of the hy-
draulic cylinder. The stainless steel rod connecting the front jaw and
hydraulic cylinder was held in place by the clamping arrangement de-
scribed previously. The discharge chamber,.previously filled with water,
was tightened to the jaws. The head chamber was screwed to the top of
.the compression jaws, connected to the piping system and filled with
water.
Valves in the inlet and discharge lines were opened, the pump started,
and the needle valve in the pump by-pass line was adjusted until the de-
sired flow rate was observed on the rotameter. The needle valves below
the divided discharge chamber were adjusted until the pressure in each
section of the discharge chamber was the same. The needle valve in the














flow rate. Since the pressure below and above the sample was the same
in the test zone and guard zone, the tendency toward sidewise flow was
minimized. The pressure drop across the sample was obtained as the dif-
ference in pressure between the head and discharge chamber minus the
difference in fluid head between .the points where the pressure was meas-
ured.
Readjustment of the flow-control valves permitted the determina-
tion of the pressure drop across the sample at several different flow
rates. As in the determination of transverse permeability, permeability
decay was minimized by using flow rates as small as possible, reading the
manometers as soon as equilibrium conditions had been attained, advancing
from low flow rates to.higher flow rates during a run and by proceeding
as rapidly as possible from flow rate to flow rate to minimize the total
time during which water passed through the pad.
Varying the pad density with this apparatus was more difficult than
with the transverse permeability apparatus. The permeability cell had
to be disassembled before the compressive load could be released and dif-
ferent spacers inserted between the compression jaws. During this pro-
cedure, the sudden expansion of the pad would cause air to enter some
of the pore spaces. Therefore, before the pad could be compressed to a
new pad density, it had to be removed from the compression jaws and re-
saturated with water by boiling for several hours under vacuum.
Because such a procedure would require a great deal of time for
each run, a simpler and more rapid method was used to obtain the lateral
permeability of each felt sample. Because the main interest of this
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investigation was the relationship of.the felt-structure to its permea-
bility and the several test samples.had been very carefully manufactured
to'specifications designed to study this relationship,.the structural
variance within any given, sample would be small. Therefore,.several
accurately cut, water-saturated pads were prepared. from -a given sample
and a new pad was used for the permeability determination at each pad
density. To eliminate the influence of minor fluctuations in structure
.within a sample on the measured value of the permeability .a any one pad
density, three determinations on three different'pads were made at each
pad density, and the average of three measurements at-a given pad density
was taken .as the representative permeability value for the sample at that
density. The experimental procedure was further implified by making the
three permeability measurements at the same pad density in, succession
before preparing the apparatus for-the determination .at a different pad
density.
The average, deviation observed for the lateral permeability constant
determined at each pad density varied from 3 to 7% This value is greater
than the 2% average deviation noted for transverse permeabilitymeasure-
ments made on the same pad at the same density, and about the same as that
observed for transverse permeability measurements made on different pads
from the same sample at equal. densities. Of the 3 to 7% observed varia-
tion,.2% appears to be procedural in nature, and l1to 5% appears to be
the result of unavoidable fluctuations in structure within the felt sample.
DETERMINATION OF SPECIFIC SURFACE AND SPECIFIC VOLUME
'To test the application of the Kozeny-Carman theory to-the flow.through
woven wool felts, an independent measurement of the water-swollen specific
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surface and the water-swollen specific volume of the wool fiber was re-
quired. A microscopic procedure was used for these determinations.
Originally it was planned to make fiber cross sections by embedding
the yarn in collodion or paraffin and sectioning with the microtome.
Photomicrographs of the cross section could be used to measure the peri-
meter and cross sectional area of several fibers from which an average
value of the specific surface could be calculated. Good cross sections
were made by using collodion as the embedding material. Microscopic
examination of these cross sections revealed a nearly.circular fiber
cross section but a rather wide variation in diameter.
On the basis of these observations, it was decided that instead
of using the more laborious procedure mentioned above, a sufficiently
reliable estimate of the specific surface of the fiber could be calcu-
lated from fiber diameter measurements if a circular cross section .was
assumed. Because the fibers are not perfectly circular such .an esti-
mate would give a specific surface somewhat less than the true value.
An idea of the reliability of a specific surface value based on the
assumption of a circular cross section may be obtained from the work
of Lord (30). Lord wished to estimate the specific surface of a fiber
from its cross-sectional area, a, obtained as the product of the speci-
fic volume, v, and the weight per unit length, H, of the fiber. Be-
cause the perimeter, p, of the fiber would be somewhat larger than the
perimeter of a circle of equal area, Lord determined a correction
factor,,C, equal to the ratio of the area of a circle with a perimeter
equal to that of the fiber to the area of fiber cross section. The
following relationship was used by Lord.
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The value of C was determined from perimeter and area measurements made
on fiber sections projected at a magnification of 1000X. The factor,
C, may be considered as a measure of the circularity of sectional shape,
being equal to unity for circular fibers and becoming larger as the shape
deviated more and more from circularity. For different samples of solid
fibers of the same type, the correction.factor was reasonably constant.
For dry wool fibers having diameters of 20-22 microns, Lord observed a
constant value of C of 1.04. Considering this value as an estimate of
the roundness of the wool fiber, the aasumption of circularity of cross
section in the present investigation probably gives a specific surface
value approximately 2% low.
To determine the specific surface of the water-swollen wool fiber,
several segments of wool yarn were removed from the felt sample and
were saturated with water. A one-eighth-inch length of the wet yarn
was placed.on a microscope slide; several drops of water were added;
and with the aid of a stereoscopic binocular microscope, the fibers
were separated from the yarn and were lined up as nearly parallel as
possible. The slide was then transferred to the stage of a compound
microscope. Using an eyepiece micrometer and a magnification of 200,
approximately 200-230 individual fiber diameter measurements were made.
Since some variation in specific surface between samples was possible,
fiber diameter measurements were made on about 200-230 water-swollen
fibers from each felt sample.
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The specific surface of the water-swollen .fibers was calculated
from the following expression (27)
s- ( 2 -) (18)
-v F.~
where d is the measured fiber diameter. Values of S were calculated
-V
for each felt sample.
The specific volume of the water-swollen wool fiber could be cal-
culated from the known pycnometric density of dry wool if the increase
in volume of the fiber from the dry state to the water-swollenstate
could be measured. Since the wool fiber increases only 1% in length
in water (41), the major contribution to the increased fiber volume in
water is a change in the cross-sectional area. The increase in cross-
sectional area may be calculated from the change in the fiber diameter
if a circular cross section is assumed.
To determine the increase in fiber diameter in water, adjacent,
similar yarn specimens were prepared by cutting a yarn segment with a
razor blade in three places at intervals of about /8 inch. The yarn
segments, obtained from Sample 1, had been previously dried over cal-
cium chloride. One of the 1/8-inch specimens was placed on a micro-
scope slide; several drops of xylene were added; and the fibers were
separated and aligned as described previously. The other one-eighth-
inch specimen was mounted as described previously using water to swell
the fibers. Fiber diameters were measured as described before, using
yarn-specimens to obtain in excess of 200 fiber-diameter measurements
for both the dry fibers and the water-swollen fibers.
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COMPRESSIBILITY MEASUREMENT
To relate the pad density to the compressive load applied to the
pad, load-deformation curves for. each felt sample were obtained with
a Baldwin-Southwark Universal Tester using a compression rate of 0.0125
inches per minute. Water-saturated samples from which the excess water
had been removed were accurately cut to an area of one square inch for
the test.
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EXPERIMENTAL RESULTS AND DISCUSSION
TRANSVERSE PERMEABILITY DATA
Permeability results have been expressed in terms of the permea-
bility constant, K, defined by Equation (1), rather than its reciprocal,
the specific permeation resistance. To determine the permeability con-
stant at a given pad density, pressure-drop measurements were made at 8
different flow rates. Permeability constants were determined at 8 or 9
different pad densities for each felt sample. Figure 9 shows a plot of
the pressure drop-flow rate data at.several pad densities for Sample 6,
which is representative of all.runs with respect to the deviation of the
points from a linear relationship. At flow rates greater than those
shown, the data deviated from the linear relationship, with the devia-
tion becoming progressively greater at larger and larger flow rates.
Carman (8) defines the Reynolds number, Re, for flow through
porous beds as
Re = (19)
and characterizes a Reynolds number numerically less than 2 as the
criterion for streamline flow. In these transverse permeability meas-
urements, the maximum Reynolds number observed was 0.086. Therefore,
the determinations were made well within the viscous flow range. If,
at any constant flow rate, flow was continued over a long period.of
time (20-60 minutes), a gradual increase in the pressure drop across
the pad (i.e., a decay in the permeability) was 'observed. The magnitude
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that had passed through the pad and, therefore, at higher flow rates was
observed at shorter time intervals.
On the basis of these considerations, the observed deviations of
the data from linearity at the higher flow rates was believed. caused by
a decay in the pad permeability due in part to the total flow that had
passed through the pad at preceding lower flow rates and in part to the
more rapid incidence of decay at higher flow rates. Therefore, succeed-
ing permeability determinations were limited to those lower flow rates
where this deviation did not occur.. Only data obtained atlow flow
rates where a good linear relationship existed between the flow rate
and pressure drop were used in the calculation of the permeability con-
stant. '
To calculate the permeability coefficient from Equation (l),the
ratio, for each value of pad thickness, L,was taken as the slope
of the best straight line drawn through a linear plot of the pressure
drop-flow rate data taken at the pad density corresponding tothat value
of pad thickness. A method of. averages.was used to determine the slope
of this line (43). The viscosity of the. water at the temperature-of the
run was obtained from the International Critical Tables. The test area
of the pad, A, was an accurately, known constant of the apparatus, being
the pad area included within the guard rings. The pad thickness, L,
was taken as the average ofthe two values determined from the indicator
readings at the desired pad density,and the respective zero readings.
The apparent pad density or pad concentration, c, at each thickness
was evaluated from the oven-dry weight of the pad and the calculated
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volume of the test zone at that pad thickness. Because the test zone
was only a portion.of the total pad weighed, the weight of the fibers
in the test zone was obtained by multiplying the total pad weight by
the ratio of the test area to the total area both of which were accur-
ately known. An average deviation in oven-dry pad weight of less than
1% was observed between different pads from the same sample.
A sample calculation of the permeability coefficient of Sample 6
at several pad densities is given in Table III.
Although the.manufacturing process was controlled as carefully as
possible in the preparation of the felt samples, minor fluctuations in
structure and basis weight within each sample were probable. Such
fluctuations were expected because accurate control of the fulling
operation in the felt manufacturing cycle was not possible. Therefore,
.to insure representative permeability data for each different felt
structure, duplicate or triplicate density versus permeability,measure-
ments were made for each sample, using a new pad to obtain each-set of
data. The extent of the deviation of the individual data points from
the sample average can be observed for Sample 6 in Fig. 10 where the
permeability constant, K, is plotted as a function of the apparent pad
density, c, for 3 different pads. The transverse permeability data for
the other samples are plotted in Fig. 31 to-40 in the Appendix. The
data for the first pad of each sample are also tabulated in Table XI in
the Appendix. The average deviation of the permeability between differ-
ent pads from the same sample varied from 3 to 7%. Some of this varia-
tion is due to experimental error, but the greatest source of the varia-
























Bed area, A = 45.6 sq. cm.
LATERAL PERMEABILITY DATA
The lateral permeability results have also been expressed in terms
of the permeability constant defined by Equation (1). The lateral per-
meability coefficient has been designated as i to differentiate it from
the transverse permeability constant previously designated as K. In the
transverse permeability calculations, the felt thickness and bed depth
were equivalent and were designated as L. However, in the calculation
of the lateral permeability constant, the felt thickness was not equiv-
alent to the bed depth in the direction of flow. In this instance, the
bed depth, L, was a constant of the apparatus and equal to 2.54 cm.,
but the cross-sectional area, A, of the pad normal to flow varied-as
































































of the area normal to the flow direction, A,,was the.product of .and
the constant length of the test zone of the apparatus, 7 72 cm.
The lateral permeability determination was made for the direction
parallel to the warp yarn which would be the machine direction in the
press section of a paper machine. Flow in this direction is of greater
importance than flow in the direction of the fill.yarns because the
lateral fluid pressure differential in the felt in the nip of the press
rolls is in the machine direction. The experimental felt pads were
carefully cut so that the warp yarns would be in the flow direction in
.the permeability measurement.
To determine the permeability constant at.a given pad density,
pressure-drop measurements were.obtained for 7 different flow rates.
An average pressure drop at each flow rate was determined from measure-
ments on 3 different pads compressed to the same density. Permeability
constants were determined at 7 or 8 different pad densities for each
sample. Figure 11 shows a plot of the pressure drop-flow rate data
obtained at the different pad densities for.Sample 6, which is repre-
sentative of all samples for the deviation of the-experimental points
from a linear-relationship. Maximum Reynolds numbers of 1.4 at the
lowest pad densities and 0.02 at the highest pad densities were indica-
*tive of viscous flow conditions. A good linear relationship between the
flow rate and pressure drop was observed at all times.
The ratio, AP/q at each value of pad thickness, L2 was obtained
as the slope of the best straight line drawn through a linear plot of
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calculate the slope of the line. The apparent pad density, c, at each
pad thickness was evaluated from the oven-dry weight per unit area of
the felt, the tested area of the felt, and the calculated volume of-the
test zone at that pad thickness.
Because the walls of the lateral permeability cell offered some
resistance to flow, the experimental permeabilities were corrected for
this wall effect. Carman (8,.12) has examined the wall. effect in per-
meability studies and states that experimental permeabilities should be
multiplied by the following factor to correct for the wall effect
(1 + -1 S/2 (20)
where S is the surface of the wall per unit volume of the bed and S
is the surface of the particles per unit volume of the bed. Under the
conditions of the lateral permeability determination, wall correction
factors of 1.02-1.03 were calculated and.used to correct the experimental
permeabilities. A sample calculation of the wall correction factor for
Sample 6 is given in Table XII in the Appendix.
A sample calculation of the lateral permeability constant, K, at
several pad densities is given for Sample 6 in Table IV. A plot of the
average lateral permeability constant, K, versus the apparent pad den-
sity, c, is given in Fig..12 for Sample 6.and for the other samples in
Fig. 41 to 50 in the Appendix. As was discussed previously, each per-
meability constant is a mean value based on data obtained from 3 differ-
ent pads prepared from the same sample. Therefore, in Table XIII in the
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each sample is given. The magnitude of this deviation is about
as was observed for the mean transverse permeability constant.





MICROSCOPIC FIBER DIAMETER DATA
Estimates of the swollen specific volume and specific surface of the
wool fiber were obtained from the microscopic fiber diameter 'measurements.
The data are given in Table V. The fiber diameter distributions for the
different felt samples are similar and are typical of wool fiber distribu-
tions observed for commercial samples of medium wool grades (43). Both
dry and water-swollen fiber diameter measurements are given for Sample 1.
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measurements. The distributions show only a small difference between the
arithmetic and weighted average diameters. Because the data were used for
was used in the calculations.
The average fiber.diameter does not vary too greatly between samples,
.constructed with.a lighter yarn, has the smallestaverage fiber diameter;
Sample 6, constructed with a heavier yarn, has the largest average fiber
diameter.
.Specific.surfaces were calculated for each sample using the individual
fiber diameter measurements and Equation.(18) assuming a circular cross
section as has been discussed previously. The calculated specific surface
values are given for each felt sample in Table V.
The diameter measurements for the dry and corresponding water-swollen
fibers of Sample 1 were used-to calculate the water-swollen ..specific volume,
the volume denied to the.flow of water per unit mass of dry.fiber. The
percentage increase of the fiber cross section in water was easily esti-
mated from the weighted-average dry and water-swollen fiber diameters by
assuming a circular cross section. By assuming a negligible increase in
length during swelling (41), the water-swollen specific volume was calcu-
lated using King's (44) value for the specific volume of dry wool. King
found that the density of wool, determined pycnometrically.in benzene, is
-70-
substantially the same in-all varieties of medulla-free wools. Von Bergen
(43) quotes additional evidence for the constancy of the density of wool.
The medium-grade wool used in the present-study was found medulla-free by
microscopic examination of fiber cross sections. A summary of the swollen
specific volume calculation.is given in Table VI.
TABLE VI
CALCULATION OF SWOLLEN SPECIFIC VOLUME
Weighted- Weighted- Water-
Average Average Dry: Swollen
Dry-Fiber Wet-Fiber Increase in Specific Specific
Diameter, Diameter, Cross .Section, Volume (44), Volume,
microns microns % cc./g. cc./g.
26.5 30.8 35.2 0.766 1.04
The 35.2% increase in the fiber volume in water due to swelling is
in good agreement with the 36.3% calculated by King from regain and dis-
placement measurements on wool. King measured the weight of water absorbed
per gram by dry wool in a water-saturated atmosphere and the pycnometric
density of dry wool in benzene and in water. When the density of dry wool
was determined in water, a contraction in the total volume occurred and
an apparent density of wool greater than the true value (determined in
benzene) was obtained. The volume contraction per gram of fiber was the
difference between the true specific volume of the fiber-and the apparent
specific volume of the dry fiber in water. The volume swelling of the
fiber in water was then.obtained as the volume of water absorbed per gram
of fiber minus the volume contraction-per gram of fiber.
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APPLICATION OF THE KOZENY-CARMAN EQUATION TO THE DATA
To 0test' the applicability of the Kozeny-Carman equation to the
transverse and lateral permeability data, the following rectified form
of the..equation, discussed previously, was used.
--V -0
A plot of the transverse permeability data in the form (K) /3 against
L and.of the lateral permeability data in the form (.l)t/ 3 against L2
would be linear where the quantity (1/kS 2 L )1/3 is constant. If the
Kozeny-Carman equation applies, the slope of the line is equal to
(l/kS2 L) / and the L intercept is the value L ,the pad thickness
at zero porosity.
A plot of the transverse permeability data for each felt in the
For all felts, a deviation from.linearity was observed at very low
porosities, and for a few felts.a slight deviation from linearity was
observed at the. highest porosities studied. The first set of data for
each sample is plotted.in Fig. 13-17.
To indicate the agreement with the Kozeny theory,.the lines drawn
through the linear portion of the data have been calculated from
Equation (15) using the specific surface calculated from microscopic
fiber diameter measurements made for each sample . The water-swollen
specific volume of the fiber determined from the microscopic fiber

















Figure 13. Transverse Permeability












Figure 14. Transverse Permeability
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Figure 15. Transverse Permeability












Figure 16. Transverse Permeability
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Figure 17. Transverse Permeability















,For-reasons to be discussed later,,the Kozeny constant.was taken as 6.5
except for Samples 5, 7, and 10 where a k of 5.4 was used. Because the
several felts differ from 'ne another, particularly in weight per unit
area, specific-surface and fiber-and-yarn-orientation (see Table I) data
for the different samples fell on separate straight lines.
If the lower curved portion of the data for each sample is extra-
polated to the ,L-axis, the value of L obtained corresponds closely to
-o0
the value based on a bed density equivalent to the.pycnometric density
:of dry wool--that is,
LW =1
-o· . .A .o
where 1.304 g./cc..is the density:of dry wool (44). In:Fig..13-14, a
dotted line is drawn from the linear portion of the data to the above
value of L for each sample. The data for all samples extrapolate to
-o
.a value of L corresponding to a bed density equal to that of the dry-o
fiber, but because the weight per unit..area of -the samples varies, this
value of L is different for each felt.-o
It will be recalled that L is the bed thickness .at zero porosity
-o
where the effective particle density and bed'density are equal. Thus,
the data indicate a change in the effective density of the fiber from
that of the water-swollen fiber at medium bed porosities to that of
the dry fiber at zero porosity. It is possible that-as larger and
larger compressive loads are applied to the felt, water is gradually
-78-
expressed from the swollen fibers at points where they contact other
fibers. As compression proceeds, the number of points of contact be-
tween fibers would increase until in the limiting case at zero poros-
ity, the bed becomes a mass of solid wool with a density equal to that
of the dry fiber. If the swollen fibers are gradually deswelled in
this manner, their effective specific volume (and thus L ) would
-o
gradually decrease as larger and larger loads are applied to the felt,
explaining the deviation of the data from the expected linear relation-
ship at low porosities. Maximum compressive loads of 1000 p.s.i. were
applied to the pad in these studies, but locally the loadingat points
of fiber contact would be much greater and might cause partial de-
swelling of the fiber. As mentioned previously, Brown (24) observed
a similar deviation of his permeability data for dry pulp fibers at
low porosities. An extrapolation of the data to zero porosity indicated
that the pycnometric density of the fiber was approached. Carroll and
Mason (20) ascribed a similar deviation of their water permeability
data for pulp fibers to a decrease in specific volume.
A similar plot of the lateral permeability data for each felt also
resulted in linear relationships over wide ranges of porosity. Slight
deviations from linearity were observed for a few felts at very high
porosities and at very low porosities, but the observed deviations,
where they occurred, were of a different nature from those observed for
transverse permeability. In contrast to the transverse permeability
data, no general deviation from linearity at low porosities was observed
for all the felts. Limitations in the experimental apparatus did not
permit investigation of the lateral permeability at the lowest porosities
-79-
used in transverse permeability determinations. The data are plotted
in Fig. 18-22. Because of the different structural characteristics,
the data for the several.felt samples fell. on separate straight lines.
.To show agreement with the Kozeny theory, the lines drawn through the
data points have been calculated from Equation (15) using the swollen
:specific surface determined from microscopic fiber diameter measure-
ments. The water-swollen specific volume of the fiber determined from
microscopic fiber diameter measurements was used to evaluate L. For
-o
reasons to be discussed later, .the Kozeny constant.was taken as 6.5 for
Samples 1,.2, 5, 7, 8, 9, and 10, and as 3.8 for Samples 3, 4, 6, and
11.
Comparison of the results of this investigation with those of Ginn
.(37),described previously, is difficult because tabular data were not
given and the calculated Kozeny porosity values for the water-permea-
bility data.were not corrected for the change in fiber volume caused by
swelling. The rather large differences reported between the air-per-
meability and water-permeability characteristics of the same felts are
also difficult to understand. For these reasons, a detailed comparison
between Ginn's results and those of this investigation would not be too
useful.
EFFECT OF THE FELT STRUCTURE 'ON PERMEABILITY
Since the fit of the permeability data to the Kozeny-Carman equa-
tion is very good, the deviations of the felt structure and flow mechan-
.ism from the assumed bed structure and flow mechanism upon which the








L 2 ) CM.
Figure 18. Lateral Permeability























Figure 19. Lateral Permeability




















Figure 20. Lateral Permeability





































Figure 21. Lateral Permeability/ f 0 SAMPLE 5^ ----- EXPERIMENTAL
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Figure 22. Lateral Permeability
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the theory for the analysis of viscous flow through woven wool felts.
Under the experimental conditions used here, the Kozeny-Carman equation
appears valid over a wide porosity range for the felts tested. To eval-
uate the effect of the felt structure upon the permeability, the orien-
tation-dependent Kozeny constant, k, has been calculated and compared
with values reported by others for fibrous beds of known orientation.
different from their permeability in the transverse direction, the follow-
ing discussion will consider each directionseparately.
TRANSVERSE DIRECTION
The Kozeny constant, k,.was evaluated for each felt sample at
several pad densities from Equation (9).
:= 1 - vc (12)
using the swollen specific volume, v, determined microscopically,and the
apparent'pad density, c, determined from the bed dimensions and oven-dry
weight of the pad. The swollen specific surface of the fiber was evalu-
ated from the microscopic fiber diameter measurements,.and the transverse
permeability constant, K, was calculated as described previously.
In Table VII are given the corresponding values of porosity and
Kozeny constant calculated from the transverse permeability data, assum-
ing the swollen specific volume and specific surface invariant over the
TABLE VII
TRANSVERSE PERMEABILITY
.POROSITY VERSUS KOZENY CONSTANT






























































































































entire porosity range. At low porosities, an apparent abrupt decrease
in the calculated Kozeny constant occurred, and calculated porosities
of 0.1 and less were obtained. Since, from geometrical considerations,
the lowest possible porosity obtainable with equal circular cylinders
in parallel alignment is 0.093, and the diameters and alignment of the
fibers in the felts do not approximate this ideal condition, such very
:small porosities are not realistic. Iberall (45) computed a minimum
porosity, of 0.41 for a closely packed array of fibers perpendicular to
each other. in three.dimensions, and believed that lower porosities were
obtained by compression of the material rather than fiber bending.
.Since the fiber orientation in the felt does not closely approxi-
mate Iberall's model, a somewhat lower porosity would be expected,.but
certainly not the low porosities calculated on the basis of an invariant
specific volume. These considerations lend support to the idea of a
gradual decrease in the effective specific volume of the fiber under
high compressive loads.
For most of the samples at calculated porosities greater than 0.35,
the variation in the Kozeny constant was not great. From the work of
others, a very gradual decline in the value of k with a decrease in
porosity is to be expected in the porosity range of interest here (0.7
and less). The precision of these data, however, is not good.enough to
show such a gradual variation, and it seems better to assume an average
constant value of the Kozeny constant over the porosity range of interest.
From Table VII it may be observed that an average value of k of 6.5 is
applicable for most samples over the porosity range, 0.40 to 0.70. For
Samples 5, 7, and 10, an average value of k of 5.4 seems more probable.
-89-
On the basis of the previously quoted work of others relative to the
dependence of k on fiber orientation, the fiber orientation for most
of the samples appears to be predominantly perpendicular to flow. The
fiber orientation in Samples 5, 7, and 10, however, tends toward a more
random arrangement as indicated by the lower value of k. The more com-
plex weave pattern of Samples 5 and 10 probably presents a more random-
ized fiber orientation than the regular pattern of the other weaves.
Because Sample 7 is characterized by a smaller yarn size and smaller
average fiber diameter, it probably is deformed more easily under load
and assumes a more randomized fiber orientation than the other samples
having the same weave but larger fiber and yarn sizes. When the felt
samples are compressed to porosities lower than 0.40, their fiber and
yarn orientation would not be expected to change much, and the Kozeny
constant probably remains relatively constant.
The effective specific surface of the fibers probably does not
vary significantly at these lower porosities. The increase in specific
surface due to the deswelling of the. fiber would be offset by the simul-
taneous increase in fiber-to-fiber contact.
Therefore, in the lower porosity region,.a logical assumption is
that the effective specific surface and the effective fiber orienta-
tion (and thus the Kozeny constant) do not change too much with com -
pression, but the effective specific volume varies significantly.
Assuming S and k constant, the effective specific volume, v, .may be
calculated from Equations (9) and.(12). This calculation was made for
each felt sample at-several pad densities, and the results are presented
-90-
in Table VIII. The effective specific volume is actually a function of
the compacting load applied to the sample. For convenience in this
discussion and in the plotting of the specific volume data, effective
specific volume, v, is given as a function of the porosity and the ap-
parent pad density in Table VIII, and the effective specific volume is
plotted as a function of the apparent pad density, c, in Fig. 23-25.
Conversion of the values of pad density to the corresponding values of
compressive load, P, can easily be made, if desired, with the compressi-
bility data to be presented in the following section because it will be
shown that the apparent pad density is a logarithmic function of the
compressive pressure applied to the pad.
Referring to Table VIII and Fig. 23-25, the effective specific
volume for all the samples remains relatively constant at 1.04 cc./g.
down to a pad density around 0.6 g./cc. (E of about 0.4). As the pad
density is increased above 0.6 g./cc., the effective specific volume
decreases. As discussed previously, extrapolations of the data in
Fig. 13-17 to L indicated that the pycnometric density of the fiber
was closely approached at zero porosity. At zero porosity the bed
density, c, and effective fiber density, 1/v, would be the same, and
from the extrapolation were shown to be equal to the density of the
dry wool fiber, 1.304 g./cc. Therefore, on the plot of c versus v
when the bed density reaches that of the dry fiber, 1.304 g./cc., the
effective specific volume of the fiber would be the reciprocal, 0.766
cc./g. The curves of Fig. 23-25 are drawn to this point. Compressive
loads greater than 1000 p.s.i. could not be applied to the pad with the
apparatus as designed, and thus no data are available for pad densities
larger than 0.8 to 0.9 g./cc.
TABLE VIII
VARIATION IN SPECIFIC VOLUME WITH POROSITY
(k, S assumed constant)
Sample 1
0.639 0.348 1.11 0.(
0.587 0.400 1.07 O.
0.520 0.463 1.04 0.'
0.421 0.558 1.04 0.1
0.565 0.612 1.04 0.'
0.280 0.718 1.00 0.;




























































































































































































At low pad densities (high porosities), an apparent increase in
the effective specific volume above the water-swollen value of 1.04
cc./g. is observed for 4 samples. These points correspond to the
deviations from linearityobserved forSamples 1, 2, 8, and 9 at large
values of L in Fig. 13-17. The accuracy of these high-porositydata
is probably not as good as the medium and low-porosity data, because
the measured pressure drops were small and had to be corrected for the
resistance of the septum and piston. Nevertheless, the deviation in
the effective specific volume from the average of 1.04 cc./g. is greater
for these samples than for the others, and these samples are similar in
having the same yarn size, same number of picks per inch, and either a
plate or sateen weave. Thus, their structure rather than experimental
error may be responsible for the observed deviation.
Because an increase in specific volume larger than that determined
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Figure 23. Transverse Permeability
























Figure 23a. Transverse Permeability
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Figure 24. Transverse Permeability


















0.4 0.6 0.8 1.0
Figure 24a. Transverse Permeability
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at high porosities for these samples. The two weaves possessed by these
samples, in contrast to the duplex weave, are somewhat stratified with
respect to warp and fill yarns. Thus, in the uncompressed state, flow
would.proceed through a series of.two or three layers of fibers, one-yarn-
diameter thick, oriented parallel to each other and normal to flow. The
fiber and yarn.orientation in alternate layers would be at right angles
to those preceding or following. The shape of the flow channels in each
layer would be similar to parallel slits, for which Carman.(12) has deter-
mined a shape factor, V, of 3.0. As the sample is compressed, the yarns
flatten out and the layers of fibers merge to form square- or rectangular-
shaped flow channels,.for which Carman gives a shape factor of 1.94. There-
fore, a larger. shape factor (and thus Kozeny constant) would be expected
for the uncompressed.felt than for the compressed felt, and a gradual
transition from the larger shape factor to the smaller with increasing
compressive loads would be expected. This behavior is not observed in
other samples with the same weave but fewer picks per inch or a smaller
yarn size,-probably because the yarns are less crowded and flatten out
under compressive loads smaller than the initial loading used.
Brief mention has already been made of the more randomized fiber
orientation observed for Sample 7 as indicated.by the smaller average
value of k. The small yarns and small fibers of Sample 7 are probably
more easily deformed under-load than are the heavier yarns and larger
fibers of Sample 2, which is otherwise of the same construction. No
important difference in transverse flow characteristics is observed
between Samples 6. and , which also are of similar construction except
-99-
for yarn size. The average fiber diameters given in Table V indicate a
difference of 20% in the fiber diameters of Samples 2 and 7 but only a
difference of about 10% in the fiber diameters of Samples 3and 6. There-
fore,,the more randomized fiber orientation of Sample 7 is more likely
caused by the difference in average fiber size rather than yarn size.
Yarn size, therefore, does not significantly affect -the transverse per-
meability,,at least for the samples considered here.
The effect of napping upon transverse permeability may be observed
by consideration of the data for sample pairs land 8, 2 and 9, and 3
and 11. The sample appearing first in each pair was not napped; the
other sample was of the same construction but napped. The specific sur-
face, determined from microscopic fiber diameter measurements, was closely
the same for both samples of each pair. These specific surface values
were used in conjunction with the appropriate permeability data to calcu-
late the Kozeny;constant for each sample at several pad densities. Any
significant variation noted in k between the samples of each pair could
be the result of an erroneous value of the specific surface as well as
a difference in the fiber orientation. Therefore, if napping increased
the specific surface in some manner such as fibrillation, a much larger
value of k would be obtained for the napped sample than for the sample
with no nap. If the specific surface remained unchanged after napping
but the fiber orientation changed, the value of k for the napped felt
would be significantly different from the k of the felt-with no nap.
Examination of the transverse-permeability data in Table VII.shows no
significant difference in the average value of k between the napped and
-100-
unnapped felts. Napping, therefore, does not-appear to significantly
change the specific surface of the fibers or the fiber orientation
affecting transverse permeability. As discussed before, the napping
operation merely teases out fiber ends from -the fill yarns. It seems
reasonable then that the specific surface of the fibers is not changed.
The fiber orientation may. be disturbed somewhat by napping, but evident-
ly the loose ends of the fibers resume an orientation normal to flow
.when a compressive load is applied or flow is initiated. Also, the
number of fibers affected in napping is so small in-comparison with the
total number of fibers in the pad that the measurable effect upon per-
meability is negligible.
From the preceding discussion it may be concluded that the effect
of the different structural variables upon transverse permeability is
minor. In general, the fiber and.yarn orientation is-normal to flow.
A more randomized fiber orientation is observed for an irregular-weave
pattern where the fill and warp yarns are entwined to a greater extent
than in the more regular-weave patterns. Combinations of the regular-
weave patterns and a high number of picks per inchwere observed to cause
a slight variation in the shape factor at very, high porosities. Yarn
size in itself did not affect permeability,.but finer, smaller diameter
fibers appeared to assume a more randomized orientation under compression
than coarser , larger diameter fibers. The major effect observed, which
was largely independent of the structural characteristics of the felt,
was the deswelling of the water-swollen wool fiber as larger and larger
compressive loads were applied to the pad.
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LATERAL DIRECTION
In the calculation of the Kozeny constant for the lateral permea-
bility of the various samples, the effective specific volume of the
fiber was corrected for the.deswelling observed under large compressive
loads. The Kozeny constant was calculated for each sample at several
pad densities from Equation (9) using the specific surface determined
from microscopic fiber diameter measurements and the effective porosity
at each pad density calculated from Equation (12). The water-swollen
specific volume of the fiber, determined microscopically, was used in
the porosity calculation except. at pad densities greater than O.6 g./cc.
where the decrease in specific volume of the fiber became significant.
At the larger pad densities the correct value of the specific volume
was obtained from Fig..25-25.
The calculated value of the Kozeny constant at several porosities
is given for each sample in Table IX. Comparison of these data with
the structural properties of the various felt samples given in-Table I
indicates a strong dependence of the Kozeny constant upon the number of
picks per inch and the weave pattern. As will be recalled, the number
of warp yarns per inch (i.e.,.48) is the same for all samples and thus
is not a consideration.
The variation in Kozeny constant with porosity was similar forall
samples having 70 picks per inch and also for ample 10 ,which has 48
picks per inch but a duplex-weave pattern. The data for these samples




























































































































for all samples having 48 picks per inch and either a plate or sateen
weave was similar, but differed from the variation noted for the other
samples. The data for the latter group are plotted in Fig. 27.
For all samples, the warp yarns are oriented parallel to the flow
direction. Therefore, a certain proportion of the total flow would be
expected to proceed parallel to these yarns and to the fibers in them.
The calculated values of the Kozeny constant presented are average
values based on the proportions of the total flow proceeding parallel
to and perpendicular to the fiber axes. The major portion of the flow
parallel to the fiber axes would occur in the warp yarns, and the major
portion of the flow perpendicular to the fiber axes would occur in the
fill yarns (picks). However, the weave pattern and applied compressive
load will each modify this basic flow orientation, particularly the
parallel fiber alignment in the warp yarns. The sensitivity of the
value of the Kozeny constant to the degree of parallelism of the fibers
and to the porosity for flow parallel to the fiber axes will be recalled
from the research of others discussed previously. For example, research
(25, 27) on flow parallel to carefully aligned circular fibers has shown
a decline in the Kozeny constant from a value of .0 at a' orosity of
0.8 to 1.0 at a porosity of 0.35. Other work .(28) concerned with dif-
ferent bundles of.wool fibers aligned parallel to flow indicated that
k was reasonably independent of porosity in the porosity range 0.45 to
0.7, having values ranging from l.6 for-coarse fibers.to 2.5 for fine
fibers. This range of values no doubt reflects the degree of parallel-
ism of the fibers, because the coarser fibers,.more easily straightened























present a less tortuous flow path. When these same fibers were rearranged
into random beds of 0.7 porosity, an average value of k of 6.1 was observed
for all fiber bundles with very little variation of the individual values
from the average. Using the above considerations and observations as a
basis, the importance of the felt structure to the lateral permeability
of the various samples may be better understood from Fig. 26 and 27.
Referring to Fig. 27, those samples having 48 picks per inch (and
48 warp yarns per inch), and either the sateen or plate weave are charac-
terized by an average KoZeny constant of 3.8 over the porosity range 0.3
to 0.7. This small, relatively constant value of k indicates that a
considerable portion of the flow must proceed through the warp,yarns
parallel to the fiber axes. Because perfect parallel fiber alignment
is not possible in these felts, the decrease in k with porosity ob-
served by others would not be expected. The relatively constant value
of k probably indicates a gradual alteration in the parallel fiber
alignment with the compression of the samples.
Referring to Fig. 26, those samples (1,.2, 7, 8, 9) having the plate
or sateen weave and 70 picks per inch are characterized by a relatively
constant value of k of 6.5 over the porosity range 0.3-0.6 and a re-
latively constant average value of k of 3.8 at higher porosities. A
Kozeny constant of 6.5 was also observed for transverse permeability and
from the research of others, discuseed previously, is characteristic of
flow perpendicular to the fiber axes.. The average value of k of 3.8,
also observed for lateral flow for those samples having an equal number
of picks and warp yarns per inch, is indicative of a large proportion
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of flow parallel to the fiber axes. Evidently, the greater number of
picks per inch in these samples not only constitutes the larger propor-
tion of the total pad volume, but upon compression, they,must twist and
distort the initially parallelwarp yarns and thereby produce an effec-
tive fiber orientation primarily perpendicular to flow. At high poros-
ities, parallel flow through the warp yarns is not interrupted greatly
by the fill yarns, and in spite of the greater number of fill yarns per
unit volume, the warp yarns still carry a large proportion of the flow,
Samples 5 and 10 (Fig. 26), having the duplex weave, are character-
ized by an average Kozeny constant of 6.5, and thus flow primarily per-
pendicular to the fiber axes, in the porosity range 0.3-0.7. The small
value of k at high porosities observed for all other samples is not
characteristic of these samples. Evidently, the more irregular duplex
weave, in contrast to the more regular sateen and plate weaves, results
in more distortion of the parallel warp yarns by the fill yarns. As
discussed previously, the plate weave is characterized by predominantly
fill yarns on both surfaces which envelop the warp yarns in the center;
the sateen weave is characterized by predominantly fill yarns on one
surface and warp yarns on the other; but the duplex weave is formed in
such a manner that both felt:surfaces have a mixed amount of warp and
fill yarns.
All of the samples were characterized by anapparent increase in the
Kozeny constant at porosities of 0.3 and less. Calculated values of k as
large as 26.3 were observed. If an average value of 2.5 is assumed for
the shape factor, k , a tortuosity,. (L_/L) , of about 10 would be indicated.
Carman (12) has argued that the value of L /L should be about 1.5 for un-
consolidated porous beds. A tortuous path around 50% longer than the bed
depth seems logical, but a tortuous flow path more than three times as
long as the bed depth (L /L = i\I) does not seem realistic.
In the calculation of the Kozeny constant, the porosity was evalu-
ated from Equation (12). Therefore, the assumption was made that all
of the pore space in the highly compressed felt was equally available
for lateral flow. However, it seems probable that under high compres-
sion, the distortion of the yarns and the orientation.of the areas of
fiber-to-fiber contact must produce a pore network of such a nature
that the fractional void area at some sections is much less than at
others. If so, some of the pore space may become sealed off and would
not take an effective part in the permeation. If such were the case,
the effective porosity would be less than the value used here, and the
calculated value of the Kozeny constant is thus too high. Therefore,
the high calculated values of the Kozeny constant observed at porosities
less than 0.3 probably result primarily from the use of a value of
that includes pore space unavailable for lateral flow. Some changes
in the tortuous flow path and the shape factor probably occur also under
the high compressive loads used because of the twisting and distortion
of the warp yarns by the fill yarns, but probably contribute less to the
observed increase in k than the changes in the effective porosity.
The reason that some of the pore space can be unavailable to lateral
flow under high compression, but can still be available to transverse flow
under the same compression is probably related to the differences in the
-108-
-109-
effective fiber-and yarn orientation in the two.directions. As large
compressive loads are applied to the felt, the fibers must tend to move
in a direction normal to the applied load into the larger adjacent inter-
yarn pore spaces. When these spaces are occupied, increasing consolida-
tion of the individual yarns occurs by slippage of the fibers into.inter-
fiber pore spaces below. This slippage can occur because.the fibers in
each yarn are generally parallel to one another. Where the fibers cannot
slip between other fibers, they are deformed and deswelled as other
fibers are contacted. Because the fill and warp yarns are, perpendicular
to each other compression would cause a gridlike orientation of the
fibers for transverse flow. Thus, the average pore size could be reduced
with compression without greatly affecting the availability of the pore
space.
Viewing the felt from the lateral direction, the fibers in the fill
yarns, which are normal to flow, can slip behind one another under com-
pression,.making a considerable amount of the included pore space un-
available to lateral flow and forcing most of the flow through the avail-
able pore space in the warp yarns. This pore space may become somewhat
more tortuous as the compressive load is increased because of distortion
of these yarns by the fill yarns.
From the preceding discussion, it may be seen that lateral flow is
influenced more by the availability of the pore space in the warp yarns,
whereas the pore spaces in both warp and fill yarns are equally available
for transverse flow.
-110-
In the above discussion, the influence of the weave pattern and the
number of picks per inch upon the lateral permeability has been considered.
The influence of the yarn.size and napping upon lateral permeability can
be observed by referring to the data for the appropriate samples in Fig.
26 and 27.
Samples 7 and 2, which are similar in structure except for yarn size,
show the same variation in Kozeny constant with porosity. Samples 6 and
3,.which also are similar in structure except for yarn size, also show
similar variations in Kozenyconstant--with porosity. Data were obtained
at lower porosities for Sample 6 than Sample 3, and thus .the increase in
k at low porosities is more apparent for-the former. Sample 7 shows
slightly more scatter in the data than Sample 2, but small disturbances
in the fiber alignment in the warp yarn would be more probable for the
finer fibers of Sample 7 and could be responsible for the larger scatter.
The larger yarn size in.Sample 6 gives it.a weight per unit area
about the.same as that of most samples having 70 picks per inch. Its
lateral permeability characteristics, however, are thesame as those of
samples having a smaller weight per- unit area but an equal number.. of picks
per inch. In like manner, Sample 7, because .of its small yarn size, has
a smaller weight per unit area than the other samples with 70'.picks 'per
inch, but its lateral permeability characteristics are the same. There-
fore, basis weight as well as yarn size apparently is unimportant to the
lateral permeability of the samples studied here. As already noted,
basis weight was not' important to the transverse permeabilityeither.
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Napping also did not significantly affect the lateral permeability.
Comparison of the data for sample pairs 1 and 8,.2 and 9, and 3 and 11
(the second-named sample being napped) indicate only a very slightly
smaller value of the Kozeny constant at any given porosity for the nap-
ped felt. Because the lateral permeability has been found to be sensi-
tive to slight changes in fiber alignment, the disturbance of the fiber
orientation in the fill yarns during napping may either tend to randomize
the structure or may cause a different distribution of the compressive
load upon the fibers:and thereby cause less distortion of the parallel
warp yarns by the fill yarns. .Since the difference in the value of k
between napped and unnapped felts is so small, however, not much signif-
icance should be attached to it.
CO PRESSIBILITY OF THE FELT SAMPLES
Since it was desirable to establish which range of pad densities
was likely to be encountered in actual practice on the paper machine,
load-compression data were obtained for all of the felt samples. The
data in each case could be represented by the empirical relationship,
c = MP, (22)
where c is the apparent pad density, P is the applied load, and M and
N are experimentally determined constants. This relationship has also
been found to apply to the compression of fibrous mats of other types
(9, 22, 46).
The constants, M and N, were evaluated for each felt sample.
Equation (22) may be rearranged as follows:
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log c = N log P + log M (23)
and a plot of the compressibility data on double logarithmic paper will
yield a straight line. Such a plot for Sample 1 is given in Fig. 28.
Similar plots were obtained for the other samples. In Table X are given
values for the empirical constants, M and N, calculated from the compres-
sibility data for each sample by the method of averages.
TABLE X
COMPRESSIBILITY CONSTANTS FOR THE EQUATION, c = MP






































Van .Wk (47), and more lately Wilder (46), making certain assump-
tions regarding the structure and compression mechanism of a fibrous
network,.have been-able to relate the dependence of the constants,,M


















Figure 28. Compressibility of
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treatment imposes some severe restrictions on the type of fibrous net-
.work for which the relationship will apply.. Some of the most important
of these, as given by Wilder, are: (1) The deformation is the result of
fiber bending, fiber slippage being negligible; (2) the fibers can be
treated as beams, and the ordinary beam equations can be applied; (3)
the fibers are oriented so as to be at random in a plane perpendicular
to the direction of the applied force; and (4) the unsupported fiber
length, l, may be related to the pad density, c, by
(24)
where K' and a are constants. He then shows that N is a function only
of , .and the constant multiplier M is a function of the mechanical
properties of the material making up the fiber, the fiber size and
geometry, and the specific volume of the fiber.
It may be observed from Table X that the values of M and N differ
slightly from sample to sample. The importance of the fiber and yarn
orientation to the value of the constant N seems indicated when the
data for sample pairs 1 and 8, 2 and 9, and 3 and ll are considered.
It will be recalled that the samples in each pair have the same basic
structure and differ from each other only in the presence or absence of
a raised nap. From Table X, it is seen that the two samples of each
pair have closely the same value of N. As mentioned previously, Wilder
has shown that N depends only on the relationship between the pad'density
and unsupported fiber length. This relationship would probably be the
same for both samples in each of the above pairs because the flow measure-
ments have shown that napping apparently does not greatly alter the fiber
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orientation. The differences noted in N between most of the samples would
be expected because the yarn and fiber, orientation differ from sample to
sample. When samples having the same value of N are compared with respect
to the value of constant M, deviations from Wilder's theory are observed.
For example, Samples 6 and 7 have equal values of N, but the M for Sample
7 is less than M for Sample 6. According to Wilder's theory, M is in-
versely proportional to the elastic modulus of the material of which the
fiber is made, and the specific volume, radius, and length of the fiber.
For the above two samples, these quantities..would.all be reasonably con-
stant, except the fiber radius, which is less for Sample 7. Therefore,
a larger, rather than a smaller,value of M would be predicted for Sample
7. Samples 10 and 11 have nearly equal values of N but different values
of M although their fiber properties are the same. The same argument
applies to Samples 2 and 9 and 1 and 8. Only Samples 3 and 11 appear to
agree with the predictions of Wilder's theory. The possibility of a
change in the fiber properties great enough to affect the value of M
during napping is unlikely. If napping did affect M, its value for Sample
11 should be different from that for Sample 3, which is not the case.
Although the value of N seems to be related .to the fiber and yarn
orientation for these samples, the basis for the relationship is not
necessarily in accordance with Wilder's theory. Generally the theory
does not apply for the compression of these samples because the value
of M in most cases is not properly predicted. The probable reasons for
nonagreement are to be found in the deviations of the felt samples from
the assumed structure and assumed compression mechanism. The following
are important reasons for this nonagreement: (1) Fibers in the felts
possess a very definite special orientation instead of the random orienta-
tion assumed by Wilder. (2) Fiber slippage, as already discussed, is
probably an important mechanism in felt compression because of the parallel
fiber orientation in the yarn. Wilder's treatment does not consider this
mechanism. (3) Under large compressive loads, compression of the swollen
fiber occurs, a mechanism not included in Wilder's theory.
To establish which range of felt porosities might be encountered in
the nip of the press rolls, the nip width and loading must be known.
These would vary considerably with different paper machines, but two
analyses reported in the literature will serve to give the approximate
range of felt porosities of importance in the nip. Fahlin (48) in an
investigation of the deformation in the nip of rubber-covered press rolls,
found that the nip width was an exponential function of the machine speed
and of the linear pressure in the press. In addition, the nip width was
dependent .on the felt used. The press roll diameter and thickness and
hardness of the rubber cover, which also affect the nip width, were held
constant at 45 cm. and 2 cm., respectively, in his study. At the maximum
machine speed and loading studied by Fahlin, 250 meters per min. (800
f.p.m.) and 35 kg./cm..(195 lb. per inch), respectively,- a nip width of
27 mm. was observed. Thus, a nip pressure of about 185 p.s.i. is indi-
cated. Gavelin (49), studying a suction press on a machine running 300
m. per min. (1000 f.p.m.), estimated a nip width of 3 cm. and a corre
sponding nip pressure of 86 x 105 dynes per sq. cm. (125 p.s.i.). In the
present study under compressive loads of 125 to 185 p.s.i., felt poros-




Apparatus and techniques have been developed to measure the lateral
and transverse water permeabilities of woven wool felts under static
compressive loads ranging up to 1000 p.s.i. The annular guard ring
principle which had previously been designed and used only for air-
permeability studies on paper was adapted for water permeability measure-
ments on felts under compression. By this procedure, flow along the felt
toward the edges of the. precut pad was avoided and an accurate permea-
bility measurement was obtained. The contribution of the woven structure
of the felt to its lateral and transverse permeabilities was a point of
particular interest in this investigation.. For that reason, permeability
data were obtained on eleven samples which were carefullydesigned and
constructed to permit a separation of the contribution of different struc-
-tural variables to the permeability. ' The variables of particular interest
were the basic weave pattern, the number of fill yarns per inch, the yarn
size, and the presence or absence of a napped surface. Considerable dif-
ficulty was experienced in attaining perfect uniformity of felt structure
in the test sample, and a variation of about 5 to 7% was observed in the
permeability data between.different pads from the same felt sample. The
manufacturing process, particularly the fulling operation, could not be
controlled to give a smaller variation than this.
Lateral and transverse permeability constants defined by Darcy's
law were evaluated for each of the 11 samples at several different pad
densities. The lateral and transverse permeability data for all eleven
samples were correlated over a wide porosity range by the Kozeny-Carman
equation. The good correlation obtained was unexpected because the
woven structure of the felt had seemed to place it outside of the types
of porous beds for which the validity.of the equation had been estab-
lished. The Kozeny-Carman equation previously had been verified only
for randomly packed, unconsolidated media having a uniform pore struc-
ture and with modification for a few consolidated media. .Its applica-
bility to flow through woven wool felts as demonstrated here will not
only be of great use in the analysis of the flow of water in the nip of
the press rolls in the paper machine, but it mayalso promote a more
extensive investigation of the applicabilityof this equation to the
permeability of other types of textiles, particularly textile filter
media. Much of the thought and research work in the permeability of
textiles has been based on the ideas of interyarn versus interfiber
flow, and a consideration of the major flow mechanism as an -orifice
type through interyarn pores. Although such a mechanism may be im-
portant for high-velocity flow through very open-weave fabrics, some
consideration might be given to interfiber.,flow and the possible exten-
sion of.the Kozeny-Carman theory to the permeability of other types of
textiles. The good fit of this permeability ,data to the Kozeny-Carman
equation indicates that, for.woven.felts under compression, the. concept
of capillary flow through .interfiber pores is basically. correct, and
considerations of interyarn versus interfiber flow in woven felts is
not necessary. The relative unimportance of such structural variables
as yarn size and napping to the permeability, as observed in this study,
emphasize the importance of the interfiber flow concept. Certainly, if
interyarn flow were of greater importance, these two factors would have
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-an important influence on the permeability. The importance of interfiber
pore spaces is further demonstrated by the relatively minor effects of
the felt structure upon the transverse permeability where the basic fiber
.orientation is predominantly perpendicular to flow. Varying such factors
as the number of yarns per inch, which control the size of interyarn pore
spaces, had no effect on the transverse permeability at any given porosity.
The main effect of the structural felt variables is their influence
on the fiber orientation affecting,flow. This effective fiber orienta-
tion may be further.modified by the applied compressive load. The evalu-
*ation .of this contribution.of the felt structure to-the effective fiber
orientation was accomplished bycalculations of the Kozeny constant for
each sample at several pad densities. A great deal of research has been
carried out in the past relating this factor to the fiber orientation for
fibrous beds of known structure. These past studies served as-an excel-
lent basis for the evaluation of the importance of the felt:-structure to
the effective fiber -orientation,
The evaluation .of the Kozeny constant required an independent measure-
ment .of the water-swollen specific volume and..specific -surface of the
fiber. Microscopic .fiber diameter measurements of. water-swollen fibers
were used to make these evaluations.
In general, the permeability measurements indicated that the effec-
tive fiber orientation for transverse flow is predominantly perpendicular
to flow, and that variations in the felt -structure and the compressive
load applied to the pad have little effect on this basic fiber orienta-
tion. The application of large compressive loads to the pad did change
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the effective-specific volume of the fiber, however. .Extrapolation.of
the permeability data to zero porosity indicated that the effective fiber
density approached the pycnometric density of dry wool. This observed
decrease in the effective specific volume of the fiber was attributed to
.a partial .deswelling of the fiber as larger compressive loads were applied.
Because the compressibility characteristics of the different samples were
not identical,.the decrease in the specific volume with applied load was
slightly different for each sample, but for most samples occurred where
pad densities of about 0.6 g./cc. and greater (porosities of 0.4-0.3)
were reached.
In contrast to the rather minor effects of structure on transverse
permeability, the effects on lateral permeability were found to be very
significant. Particularly important was the availability of the pore
spaces in the warp yarns, which in these studies were aligned parallel
to flow. Any disturbances in the parallel orientation of the fibers
in these yarns, whether caused by variations in the compressive load,
the type of weave pattern used,.or the number. of fill yarns per inch,
significantly altered the lateral permeability. For example, an in-
·crease of about 50% in the number of fill yarns (picks) per inch over
the number of warp yarns per inch ,altered the fiber-. orientation to such
an extent that the predominantly parallel flow pattern was broken up and
the effective fiber orientation became more nearly perpendicular to flow.
The use of a weave pattern characterized by. much entwinement of the warp
yarns about the fill yarns resulted in a more randomized effective orien-
tation than a weave pattern characterized by a minimum of interference of
the warp yarns by the fill yarns. Where the number of fill yarns per inch
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were more numerous than the warp yarns but the weave pattern caused a
minimum interference of the warp yarns by the fill.yarns,.a change from
a predominantly parallel flow pattern at high porosities to a predomin-
antly perpendicular fiber orientation was observed with compression.
When the samples were compressed to porosities of 0.3-0.35, a de-
swelling of the water-swollen wool fiber occurred, and the lateral per-
meabilitydecreased more than that predicted from the Kozeny-Carman
theory. A similar decrease in the transverse permeability was not
observed. Because this decrease in lateral permeability was too large
to be caused by an increase in the tortuosity and/or the pore shape
factor alone, it appeared that a portion.of the pore volume must be
unavailable to lateral flow. If a slippage of the fibers into pore
spaces between other fibers during compression is assumed, a gridlike
fiber orientation would be formed for transverse flow. Viewing the
felt from the lateral direction, as the individual yarns are flattened
out, the fill yarns would become thin, and the individual fibers would
tend to slip behind one another. Therefore, the pore spaces between the
fibers would become partially unavailable to lateral flow. The parallel
fiber alignment in the yarns makes such a mechanism possible. Also, as
compression proceeds, the areas of fiber-to-fiber contact increase,
causing a partial deswelling of the fiber, and perhaps blocking of the
lateral..flow channels.
The compressibility data indicated that the compression character-
istics of the felt are related to the felt structure but probably not
in the manner described by compressibility theory based only on fiber
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bending. On the basis of these observations and the analysis of the
permeability data, it was concluded that fiber slippage is an important
mechanism in the compression of felts.
In spite of the complex-fiber orientation of the felts,,the data
showed that an average value of the Kozeny constant was applicable over
a sufficiently wide porosity range to permit estimation of the flow
through woven wool felts if their structural properties and fiber prop-
erties are known. With these data for a basis, the Kozeny-Carman equa-
tion can be used to predict the flow properties of the felt in the nip
of the press rolls. The extension of these findings to commercial felts
should be viewed with some caution. The number of picks per inch has
been found to have an important effect on lateral permeability, and the
specific effect of pick counts greatly different from those used here
is not known. For the large group of press felts similar in design to
these samples, owqver,,the findings of this study will be of use in the
flow calculations.
Other findings of the present study of interest-in the use-and
manufacture of press felts follow. Very large press loadings may com-
press -the felt to such an extent that lateral flow through it is greatly
impeded. Because the lateral permeability is of great-importance in.the
nip,.felts should be designed to provide as little interference as pos-
-sible with the important parallel .flow channels 'in the warp yarns. In
the present study,..felts with a plate weave and an equal number 'of fill
and warp yarns per inch provided the least resistance to lateral .flow.
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Existing felt permeability tests based on the transverse permea-
bilitymay not always be a good indication of the effectiveness of the
felt in water removal,.because, in many cases,.the transverse and
lateral permeabilities may be quite different. An evaluation of the
lateral'permeability of the felt would seem to be of as great and




A = cross-sectional area of a porous bed normal to flow, sq. cm.
(area of the test zone. in this, study)
A = -cross-sectional area of a circular channel, sq. cm.
-e
c = mass of fibers per unit volume of bed, g. per cc.
d = fiber diameter, cm.
.2g = acceleration due to gravity, 980 cm. per sec.
K = transverse permeability-coefficient defined by Darcy's law,.sq. cm.
K =lateral permeability coefficient, sq. cm.
k = Kozeny constant, ,k k (L /L) , dimensionless
L depth of a porous bed in the flow direction, cm.
Lp = width of felt sample in-lateral permeability determination, cm.
L = length of equivalent channels in a porous bed, cm.
L = depth of bed at zero porosity, cm.
_ j = distance betweenfiber supports in Wilder's'equation (46), cm.
M,N = -empirical constants in compressibility equation, c = MPg
m = mean hydraulic radius, cm.
AP = frictional pressure drop across a porous bed, dynes per sq. cm.
P = -compacting load on the pad, kg. per sq. cm.
q = volumetric rate of flow, cc. per sec.
r = radius of a circular tube, cm.
.S = external surface area of fibers per unit volume of bed, sq. cm.
per cm.3
..S = specific surface of fibers, surface area per unit volume of
- 'fibers, sq. cm. per cm. 3
S = specific surface of fibers, surface area per unit mass of fibers,
- sq. cm. per g.
T = tortuosity factor, T = Le/L
-e^^
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u -= superficial velocity of the fluid through the porous bed, cm.
per sec.
u = superficial velocity of the fluid through a circular channel,
cm. per sec.
v = -effective specific volume of the fibers, cm. per g.
W = total mass of fibers in the bed, g.
a = -constant in Wilder's equation relating c and frequency of fiber-
fiber contacts (46)
E = fractional void volume of the porous bed, dimensionless
p = viscosity of the fluid,,poises
p = density of the fluid, g. per cm.3
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APPENDIX I
CALIBRATION OF THE FLOWMETERS
'After installation, the flowmeters were calibrated at several tube
readings by measuring the time required for the collection of a measured
volume of water, The permeability tube and auxiliary piping were filled
with water at 25°C. Provision was made to collect the water flowing
from the test zone at the point where it normally would re-enter the
storage bottle. The guard zone pump and piping system were not used
during the calibration. Water from the storage bottle was allowed to
flow into the permeability tube, the flow rate being controlled by adjust-
ment.of the pinch clamp on the rubber inlet hose. The. needle valves in
the pump discharge and by-pass lines were adjusted until a constant tube
reading of the desired magnitude was observed on the rotameter. Then,
using a stop watch reading to 0.1 sec., measurement was made of the time
required to collect an appropriate volume of water in a graduated cylin-
der. The calibration was repeated for several tube readings for both
rotameters. The calibration curves obtained are given .in Fig. 29,and
30. The average value of several determinations of the flow rate at
each tube reading was used in the construction of the calibration curve.
An average deviation of %,was observed between successive flow measure-






Figure 29. Calibration Curve For Small Flowmeter 'at 25°C.
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Figure 31. Transverse Permeability
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Figure 37. Transverse Permeability
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Figure 46. Lateral Permeability
(Sample 7)
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Figure 50. Lateral Permeability
( Sample 11)
